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PREFACE 


"Flow  Injection  Analysis  should  not  be  explained.  It  ought  to  be  demonstrated". 
"Flow  Injection  Analysis  is  a  tool  to  perform  chemistry". 


These  are  the  two  guiding  principles  of  our  Flow  Injection  Analysis  (FIA) 
experience.  During  all  the  years  of  demonstrating,  lecturing  and  using  FIA  it  became  clear 
to  us  that  a  practical  guide  to  FIA  was  needed.  It  is  not  really  important  to  the  practicing 
FIA  analyst  whether  tanks  in  series  or  random  walk  is  the  correct  theoretical  model  for 
FIA.  What  is  important  is  how  flow  rates  affect  sample  dispersion  and  how  to  improve 
selectivity  of  a  method. 

At  first  glance  at  a  commercial  FIA  system  or  first  reading  of  most  FIA  literature, 
it  would  appear  that  designing  of  an  FIA  system  is  trivial.  However,  the  choice  of 
components  and  material  and  the  overall  geometry  of  the  system  is  critical  to  achieve  the 
advertised  advantages  of  FIA. 

The  time  scale  of  FIA  has  reintroduced  the  necessity  for  the  knowledge  of 
chemistry  in  the  method  development  process.  In  fact,  new  methods  which  are 
"impossible"  in  batch  mode  or  in  air  segmented  flow  systems  can  be  developed  using  the 
FIA  principle. 

The  basic  outline  of  this  book  closely  follows  the  schedule  of  the  FIA  workshops 
which  we  have  tought.  Many  of  the  workshop  students  have  become  the  most  active 
developers  of  clever  FIA  methods.  This  ability  is  clearly  related  to  a  "nuts  and  bolts" 
understanding  of  FIA. 

The  book  has  two  sections,  FIA  principles  and  FIA  applications.  The  application 
chapters  show  examples  of  complete  methods  which  demonstrate  the  versatility  of  the  FIA 
technique.  A  bibliography  is  included.  This  is  a  selected  bibliography  where  Ph.D.  theses, 
uncommon  and  less  accessible  journals,  reports  and  non-English  language  contributions 
have  been  excluded.  The  bibliography  is  completely  indexed  by  analyte,  area  of 
application  and  detection  technique. 


BO  KARLBERG,  Sollentuna,  Sweden 


GIL  E.  PACEY,  Oxford,  Ohio,  USA 
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CHAPTER  1 


INTRODUCTION 


1 .1  MODERNIZATION  OF  SAMPLE/SOLUTION  HANDLING  TECHNIQUES 

Until  the  early  parts  of  this  century  research  scientists  involved  with  making 
analytical  measurements  had  very  limited  and  primitive  equipment  at  their  disposal.  Light 
sources  were  flames  and  the  sun.  Most  wavelength  dispersion/discrimination  was 
performed  using  filters  or  prisms.  The  detectors,  in  many  cases,  were  the  eyes  or 
eventually  photographic  films.  The  readout  device  was  a  person  capable  of  evaluating  the 
observed  signals.  Data  evaluation  was  again  a  person.  The  sample  was  collected  by  a 
person  and  filtered,  diluted,  and  in  general  handled  by  a  person  using  volumetric 
glassware,  like  pipets  and  volumetric  flasks.  All  measurements  were  slow,  tedious,  and 
required  a  great  deal  of  skill  on  the  part  of  the  analyst  in  order  to  ensure  precise  and 
accurate  results. 

Fortunately  for  us,  the  scientific  and  engineering  communities  have  developed 
considerably  improved  ways  to  carry  out  the  aforementioned  measurement  steps.  Light 
sources  now  include  lasers  capable  of  extremely  well  controlled  power,  spectral 
wavelength,  coherence,  and  reproducibility.  Wavelength  dispersion  is  carried  out  using 
laser  blazed  gratings  and  holographic  gratings.  Detectors  range  from  single  photodiodes 
to  diode  arrays  capable  of  collecting  the  entire  spectrum  that  is  desired.  The  readout 
devices  go  from  simple  chart  recorders  to  computers.  The  collection,  evaluation,  and  the 
report  itself  is  handled  by  the  computer,  hopefully  with  our  assistance. 

But  strangely  enough  the  sample  handling  step  of  analysis  is,  in  many  laboratories, 
still  at  the  flask  and  pipet  stage.  Modernization  of  sample  handling  has  proceeded 
remarkably  slow.  Skeggs  realized  the  need  to  improve  the  efficiency  of  chemical  analysis 
(1).  He  noted  by  the  1950’s  that  at  the  present  rate  of  development,  fields  such  as  clinical 
analysis  would  eventually  demand  such  high  volumes  of  analytical  determinations  that  the 
laboratories  would  not  have  sufficient  personnel  to  make  those  determinations.  The 
segmented  continuous  flow  analyzer  was  developed  to  overcome  this  sample  throughput 
problem.  This  type  of  analyzer  has  been  commercially  refined  by  Technicon  and  is 
marketed  under  the  tradename  Autoanalyzer.  Several  thousands  of  these  units  have  been 
sold. 
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However,  total  modernization  ot  the  sample  handling  step  ot  analysis  requires  a 
reduction  in  time  and  improvements  in  the  types  of  sample  handling  steps  that  can  be 
automated  such  as  matrix  modification  and  dilution.  The  Autoanalyzer,  in  most  situations, 
must  allow  the  chemistry  to  proceed  to  steady  state  and  has  limited  flexibility,  especially 
in  terms  of  timing,  thereby  making  kinetic  based  measurement  impractical.  A  new 
technique  for  automated  sample  handling  was  needed.  Flow  Injection  Analysis  (F!A)  is 
such  a  technique.  In  FIA  the  sample  is  very  reproducibly  controlled  in  the  flowing  stream. 
Steady  state  measurements  are  no  longer  necessary  because  of  this  high  reproducibility 
based  on  the  basic  FIA  properties  of  reproducible  timing,  sample  injection  and  controllable 
sample  dispersion.  This  allows  for  significantly  reduced  analysis  time.  With  FIA,  matrix 
modification  and  kinetic  based  measurements  become  practical. 

The  sample  handling  step  of  chemical  analysis  is  finally  modernized.  A  sample 
under  FIA  conditions  can  be  manipulated  in  every  way  imaginable.  This  flexibility  gives 
the  analyst  a  wide  range  of  conditions  to  carry  out  the  desired  chemistry  whether  in  the 
laboratory  or  the  process  control  stream. 


1.2  AUTOMATED  ANALYSIS  IN  GENERAL  (WHERE,  WHEN,  AND  WHY) 

The  arguments  for  automation  are  quite  varied.  Automation  is  commonly  employed 
to  reduce  the  manpower  cost  of  a  laboratory  operation.  The  need  for  high  sample 
throughput  is  another  major  reason  for  automation.  Additionally,  automation  equipment 
is  used  in  situations  which  are  too  hazardous  for  human  exposure.  For  example,  the 
measurement  of  analytes  in  radioactive  samples  is  more  easily  carried  out  under 
automated  conditions,  thereby  eliminating  a  large  amount  of  the  concern  over 
occupational  safety.  A  fourth  example  of  automation  is  in  the  process  stream  where  the 
environment  of  the  measurement  Is  poor  but  the  need  for  accurate  control  essential. 

Until  the  advent  of  FIA  the  automated  system  was  seldom  used  to  improve  the 
chemical  method  being  utilized.  Automation  was  simply  a  cost  effective  and  safe  way  to 
carry  out  the  necessary  determinations.  Under  FIA  conditions  the  biggest  single  problem 
that  faces  an  analytical  chemist  can  be  addressed;  the  sample  matrix.  In  the  real  world 
the  samples  that  are  received  seldom  are  in  a  clean,  easy  to  handle  matrix.  Usually  the 
sample  is  in  an  incredibly  difficult  matrix  that  not  only  may  contain  potential  chemical 
interferents,  but  also  may  exhibit  properties  such  as  turbidity,  viscosity,  or  salt  content 
that  simply  make  the  usual  standard  method  of  determination  essentially  useless. 

By  handling  the  sample  matrix  in  a  reproducible  manner,  the  use  of  solution  based 
chemistries  in  the  laboratory  or  process  streams  is  a  reality.  For  example,  the  matrix  can 
be  handled  by  a  selectivity  enhancement  technique  such  as  gas  diffusion  or  a  simple 
kinetic  procedure  allowing  direct  measurement  of  the  analyte  of  interest. 
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Flow  Injection  Analysis  is  a  tool  for  the  analyst  to  use.  We  must  remember, 
however,  that  a  complete  and  accurate  understanding  of  the  chemistry  is  always  essential 
to  the  successful  application  of  any  automated  method.  FIA  can  be  used  to  control 
and/or  modify  the  known  chemistry  in  order  to  increase  selectivity,  sensitivity,  and 
improve  precision  and  accuracy.  The  application  section  of  this  book  will  give  several 
examples  of  the  way  in  which  FIA  has  been  used  to  improve  the  chemistry  and  the 
subsequent  analytical  measurement. 


1.3  COMPARISON  OF  FIA  VERSUS  HPLC,  SEGMENTED  CONTINUOUS  FLOW 

ANALYZERS  AND  ROBOTICS 

In  the  early  days  of  FIA  most  people  tried  to  compare  FIA  to  high  performance 
liquid  chromatography  (HPLC)  and  to  the  segmented  continuous  flow  analyzers.  The 
comparison  to  HPLC  was  unfortunate  since  many  people  began  to  believe  that  there  were 
many  similarities,  when  in  fact  the  similarities  are  few.  To  start  with,  the  objectives  of  FIA 
and  HPLC  are  very  different.  The  objective  of  chromatography  is  to  separate  and  detect 
several  constituents  of  a  sample,  while  FIA  is  usually  used  to  create  a  detectable  signal 
on  only  one  species.  HPLC  needs  high  pressure,  about  1000  psi,  to  push  the  sample 
through  the  column.  FIA  seldom  has  pressures  above  7  psi.  HPLC  does  not  have  the 
inherent  reproducibility  or  controllable  sample  dispersion  that  FIA  exhibits.  While  both 
techniques  utilize  sample  injection  and  FIA  will  sometimes  have  small  columns,  it  must  be 
stressed  that  HPLC  is  a  separation  technique;  at  this  time  FIA  is  incapable  of  carrying  out 
high  resolution  separations.  Thus,  they  are  two  distinctively  different  techniques. 

The  comparison  to  segmented  continuous  flow  analyzers  is  a  fair  one.  The 
fundamental  operational  difference  between  the  two  types  of  systems  is  the  segmentation. 
For  some  time  it  was  assumed  that  air-segmentation  was  an  absolute  necessity. 
Segmenting  allowed  the  identity  of  each  individual  sample  to  be  preserved.  However, 
injection  of  the  sample  accomplishes  the  same  objective  making  segmentation 
unnecessary.  Additionally,  the  segmented  continuous  flow  analyzer  is  normally  operated 
under  steady  state  chemical  conditions.  Set-up  of  the  system  requires  a  great  deal  of  time 
and  effort.  In  FIA,  steady  state  conditions  are  unnecessary  because  of  the  reproducible 
timing,  and  the  controllable  sample  dispersion. 

The  primary  drawback  to  the  air-segmented  systems  is  the  bubble.  The  air  bubble 
is  compressible,  thereby  creating  pulsations  in  the  flowing  stream.  For  most  detectors  the 
air  bubble  must  be  removed  before  the  sample  passes  through.  In  addition,  precision  of 
bubble  size  has  been  difficult  to  control.  This  variation  in  bubble  size  adds  to  the 
irreproducibility  of  the  system.  If  electrochemical  or  other  static  sensitive  detectors  are 
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used,  the  segmented  system,  which  builds  up  static  charge,  will  present  severe  problems 
in  terms  of  baseline  stability.  Other  concerns  include  the  variation  in  pressure  and  flow 
velocities  and  the  fact  that  conversion  or  selectivity  enhancement  techniques  are  not 
easily  incorporated  into  these  systems. 

By  eliminating  the  air  bubble  many  of  these  concerns  are  removed.  The  most 
important  advantages  gained  by  elimination  of  the  air  bubble  are: 

1 .  Introduction  of  a  reproducible  sample  volume  into  the  system  by  injection. 

2.  Reproducible  handling  in  the  system  with  reduced  pulsation. 

3.  No  predetector  bubble  separation  is  needed. 

4.  The  flow  rate  of  carrier  and  reagent  streams  can  be  reproducibly  controlled 
including  predefined  intermittent  stop  and  run  periods. 

5.  Improved  separation  steps  can  be  incorporated. 


The  question  about  the  comparison  between  robots  and  FIA  is  not  as  difficult  as 
some  would  like  us  to  believe.  The  robotic  systems,  although  clever  in  their  application, 
do  have  some  limitations.  The  robot  requires  extremely  precise  handling  of  its 
environment  (i.e.,  the  beakers,  flasks,  and  bottles  all  have  to  be  in  the  same  place  at  the 
right  time  day  in  and  day  out).  The  robot  also  places  a  most  interesting  set  of  restrictions 
on  the  analyst.  These  include  geometry  and  space  requirements,  large  time  investment 
for  software  development  and  parallel  operations.  With  time  technology  will  most  likely 
overcome  these  problems,  but  for  now  the  FIA  system  is  just  as  automated  and  less 
finicky  about  its  daily  work  environment.  The  robotic  systems  definitely  have  a  place  in 
extremely  dangerous  situations  (i.e.,  radioactive  assays  or  highly  toxic  materials). 
However,  with  respect  to  sample  throughput,  an  FIA  system  combined  with  an  intelligent 
automated  sample  carousel  is  just  as,  if  not  more  effective,  in  the  analytical  laboratory. 
The  high  sample  throughput  resulting  from  the  elimination  of  the  air  bubble  makes  FIA  a 
reliable  and  cost  effective  approach  for  automation  of  analytical  methods.  Additionally, 
the  use  of  separation  and  matrix  modification  techniques  are  easy  to  incorporate  thereby 
improving  method  selectivity. 
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1.4  OBJECTIVES  OF  THIS  BOOK 

The  objectives  of  this  book  are  simple: 

1.  To  provide  the  reader  with  a  practical  guide  to  FIA. 

2.  To  provide  examples  of  currently  used  and  clever  applications  of  FIA  in 
analytical  and  process  control  chemistry. 

3.  To  provide  a  selective  bibliography  that  gives  the  reader  a  ready  to  use 
catalog  of  the  FIA  literature. 


At  no  time  was  the  purpose  of  this  work  to  describe  and  derive  the  theories  behind 
the  FIA  technique.  It  is  more  important  to  the  potential  users  to  understand  the  correct 
procedures,  the  problems  and  the  uses  of  FIA.  Row  Injection  Analysis  is  a  tool  to  do 
chemistry.  That  means:  the  analytical  chemists  of  the  world  had  better  brush  up  on  their 
chemistry. 
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CHAPTER  2 


FIA  PRINCIPLES  AND  THEORIES 


2.1  INTRODUCTION 

This  chapter  will  describe  the  principles  and  theories  of  FIA.  A  large  number  of 
theoretical  equations  will  not  be  used  as  the  goal  of  this  book  is  to  explain  the  basic 
principles  and  how  they  will  or  will  not  affect  the  FIA  system  being  designed.  It  is  more 
important  for  an  FIA  user  to  develop  common  sense  or  Intuition  about  the  technique  than 
to  study  the  rigorous  mathematical  treatment  of  theories  that  may  or  may  not  be  correct 
at  this  time.  Therefore,  before  a  discussion  of  FIA  principles  can  be  started  it  is  important 
to  survey  the  reasons  for  the  development  of  FIA.  To  do  this,  an  examination  of  the  basic 
principles  of  batch  methods,  segmented  continuous  flow  analyzers,  discrete  analyzers  and 
the  concept  of  the  steady  state  must  be  critically  performed.  Only  then  will  the 
development  and  principles  of  FIA  seem  straightforward. 


2.2  BATCH  METHODS 

Let  us  examine  batch  methodology.  To  start,  there  is  nothing  wrong  with  batch 
chemistry  methods.  In  fact,  many  of  the  current  automated  methods  are  based  on  the 
batch  method  predecessor.  Batch  methods  were  designed  to  maximize  precision  and 
accuracy  and  few  had  to  be  used  in  situations  where  large  numbers  of  determinations  per 
day  were  needed.  These  methods  require  highly  skilled  chemists  to  carry  out  the 
individual  tasks. 

Fig.  2.1  depicts  a  typical  batch  process.  A  known  amount  of  sample  (S)  and 
analytical  reagent  (R)  are  brought  together  into  a  common  beaker.  This  actual  physical 
pouring  or  addition  by  pipeting  is  not  critical  to  the  reproducibility  of  the  chemical  system. 
However,  the  establishment  of  the  chemical  equilibrium 

R  +  S  5F*  RS 

has  two  major  components,  physical  mixing  and  chemical  kinetic  rates. 
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Fig.  2.1.  Batch  process  where  R  is  the  analytical  reagent(s),  S  is  the  sample,  RS  is  the 
reaction  product  that  is  measured,  T  is  time,  A  is  heat  and  DET  is  any  detector. 


Investigation  of  physical  mixing  reveals  that  It  is  accomplished  by  convection  and 
diffusion.  Convection  results  when  R  and  S  are  mixed  by  agitation.  In  other  words,  this 
procedure  is  superimposed  on  the  system  and  its  magnitude  can  easily  be  controlled. 
Diffusion,  on  the  other  hand,  is  an  inherent  process  over  which  the  analyst  normally  has 
little  control.  The  convection  caused  by  the  agitation  is  actually  random  turbulence.  In 
the  case  of  batch  methods  the  establishment  of  the  physical  mixing  equilibrium  is 
extremely  dependent  on  the  rate  of  agitation.  Therefore,  a  reproducible  signal  created  by 
the  RS  complex  at  a  given  time  is  dependent  on  a  reproducible  rate  of  mixing. 

The  chemical  kinetic  rates  are  dependent  on  the  reagent  and  sample  concentrations 
which,  are  primarily  a  function  of  physical  mixing  at  any  of  the  interfaces  between  R  and 
S,  and  also  the  initial  concentrations,  temperature  and  pressure  and  the  kinetic  order  of 
the  reaction(s).  For  batch  methods,  pressure  is  constant  and  temperature  is  controlled. 
Unless  the  sample  concentrations  are  extremely  high  or  low  the  kinetic  order  does  not 
change.  The  kinetics  are  usually  believed  to  be  understood  or  at  least  consistent  enough 
to  establish  reproducible  and  predictable  results.  The  variability  in  the  attainment  of 
chemical  equilibrium  in  the  batch  method  is  primarily  dependent  on  the  rate  of  mixing. 
Reproducibility  of  the  signal  for  the  RS  complex  at  a  given  time  is  therefore  dependent  on 
the  rate  of  mixing  and  the  consistency  of  pressure,  temperature  and  kinetic  reaction  rates. 


8 


ADDITION  ON  OFF 


Fig.  2.2.  Typical  batch  method  signal  plot  where  DET  ON  denotes  the  time  at  which  the 
insertion  of  the  sample  into  the  detector  takes  place  and  DET  OFF  corresponds  to  the 
removal  of  the  sample  from  the  detector.  The  broken  line  is  an  estimate  of  the  signal 
response  and  the  solid  tine  is  the  observed  response. 


Fig.  2.2  is  a  plot  of  the  observed  signal  for  a  batch  method.  The  plot  of  signal  versus 
time  is  represented  by  a  broken  and  then  a  solid  line.  The  broken  line  is  the  best  estimate 
of  the  signal  that  would  be  observed  if  it  could  be  measured,  in  batch  methods  the 
agitation  of  the  sample  makes  the  actual  measurement  of  the  points  on  the  broken  section 
of  the  plot  impossible.  Even  if  the  sample  could  be  measured,  the  irreproducible  physical 
mixing  would  make  the  reproducibility  of  the  signal  unacceptable.  The  solid  line  is  a 
computation  of  the  average  of  the  points  that  are  observed. 

The  plots  in  Fig.  2.3  demonstrate  the  difficulty  encountered  when  trying  to  measure 
at  a  point  other  than  steady  state  when  using  a  batch  method. 
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Fig.  2.3.  Batch  method  signal  versus  time  plot.  Runs  with  three  different  samples  of  the 
same  concentration. 


At  time  T,  three  distinctively  different  values  for  the  same  sample  are  obtained. 
Only  at  time  T2  are  the  values  similar  within  experimental  errors.  Unfortunately,  for  the 
batch  method  only  steady  state  signals  can  be  used  to  obtain  reproducible  measurements. 


2.3  SEGMENTED  CONTINUOUS  FLOW  ANALYSIS 

Eventually,  the  demand  for  a  large  number  of  analytical  determinations  per 
laboratory  became  apparent.  The  obvious  answer  was  to  automate  the  batch  method 
approach.  The  basic  concept  was  to  reproduce  the  beakers  of  the  batch  method  inside 
a  flowing  stream.  The  resulting  technique  was  the  air-segmented  continuous  flow 
analyzer.  Fig.  2.4  shows  the  classical  single  reagent  manifold  for  air-segmented 
continuous  flow  analysis.  Both  R  and  S  are  fed  by  a  peristaltic  pump  into  the  tubing 
where  they  eventually  react.  Once  again,  this  rate  of  reaction  is  dependent  on  physical 
mixing  and  chemical  kinetic  rates. 
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Fig.  2.4.  Schematic  diagram  of  the  classical  air-segmented  continuous  flow  analyzer. 
R  =  reagent,  S  =  sample,  DET  =  flow  through  detector. 


As  the  air-segmented  continuous  flow  analyzer  was  originally  designed  it 
represented  nothing  more  than  automation  of  the  batch  method.  This  is  true  because 
proportional  mixing  is  still  involved.  In  a  batch  method  proportional  mixing  is  obtained 
when  a  known  volume  and  concentration  of  R  is  poured  into  a  known  volume  of  S.  In 
air-segmented  continuous  flow  analyzers  proportional  mixing  is  obtained  similarly  when 
a  constant  flow  of  R  is  fed  into  a  constant  flow  of  S.  In  other  words,  R  is  merged  with  S 
at  a  specified,  constant,  and  controlled  ratio. 

The  air  segments  actually  create  the  walls  of  the  “beakers".  As  the  “beakers"  travel 
down  the  tubing,  the  solution  drags  against  the  walls  of  the  tubing,  thus  creating  the 
necessary  mixing  and  convection  (Fig.  2.5).  The  important  point  about  segmented 
continuous  flow  analyzers  versus  FIA  is  that  the  air  bubbles  are  used  to  limit  the  amount 
of  dispersion  that  can  occur.  Molecular  diffusion  is  a  minor  component  in  the  overall 
mixing  process. 


Fig.  2.5.  Diagram  showing  the  mixing  pattern  inside  a  liquid  segment  due  to  drag  on  a 
glass  wall.  Arrows  denote  the  direction  of  the  convection  processes. 

A  =  air  segments,  S  =  sample  segments. 
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The  question  is:  what  should  the  detector  response  ideally  look  like  for  an 
air-segmented  continuous  flow  analyzer?  Fig.  2.6  shows  the  ideal  plot  of  signal  versus 
time. 


Fig.  2.6.  Ideal  output  from  air  segmented  continuous  flow  analyzer. 

Sampling  strategy:  wash,  S,,  wash,  S2,  wash,  where  S,  =  2S2  in  concentration. 


However,  in  practice  the  air-segmented  continuous  flow  analyzers  produce  signals 
such  as  those  shown  In  Fig.  2.7. 


Fig.  2.7.  Actually  signals  obtained  from  an  air-segmented  continuous  flow  analyzer. 


12 


Why  does  this  skewing  of  the  actual  air-segmented  continuous  flow  analyzer  peaks 
appear?  The  origin  of  this  phenomenon  is  carryover.  Carryover  occurs  when  R  or  S 
molecules  remain  on  the  walls  of  the  tubing  and  pass  on  to  the  following  segment.  The 
liquid  film  that  forms  on  the  tubing  walls  makes  the  carryover  process  most  influential  on 
the  physical  equilibrium.  Therefore,  the  rising  portion  of  the  output  is  a  gradual  increase 
to  a  "steady  state"  signal  and  the  falling  portion  of  the  output  is  a  gradual  return  to  the 
established  baseline. 

For  classical  air-segmented  continuous  flow  analyzers  the  only  portion  of  the  peak 
that  the  analyst  can  use  for  quantitation  is  the  steady  state  plateau.  The  compressibility 
of  the  air  bubbles  affects  mixing,  i.e.,  the  physical  equilibrium,  which  in  turn  is  the 
controlling  factor  on  the  rate  of  acquisition  of  the  steady  state  signal. 

The  batch  method  and  classical  air-segmented  continuous  flow  analyzers  handle 
the  physical  and  chemical  equilibrium  processes  in  a  similar  manner.  Consequently,  they 
both  require  that  steady  state  signals  are  used  to  obtain  reproducible  results. 

In  fairness  to  air-segmented  continuous  flow  analyzers,  these  instruments  do 
automate  the  tedious  laboratory  manipulations  and  increase  the  precision  of  results  by 
eliminating  human  factors.  These  systems  are  capable  of  multichannel  (more  than  one 
analyte  determination  per  sample  introduction)  and  multitask  (dialysis,  heating,  extraction, 
etc.)  analysis.  More  recent  refinements  of  this  technique,  such  as  miniaturization  and 
gated  detectors,  make  the  removal  of  the  air  bubble  unnecessary.  Additionally,  computer 
predictions  of  the  steady  state  signal  can  be  made  by  observing  the  initial  portion  of  the 
rising  section  of  the  output,  thereby  increasing  the  sample  throughput. 


2.4  DISCRETE  ANALYZERS 

A  discrete  analyzer  handles  each  individual  sample  as  a  separate  entity  and  is 
usually  a  single  channel  instrument.  In  some  designs  both  the  sample  and  the  analytical 
reagents  are  metered  into  discrete  reaction  vessels.  However,  most  of  these  systems 
have  specially  designed  cells  that  already  contain  prepacked  amounts  of  the  required 
reagents  for  the  given  analyte,  thus  making  sample  introduction  the  only  necessary  step. 
In  both  instances,  ail  the  processes  in  the  method  (mixing,  heating  and  the  determination 
itself)  take  place  inside  the  cell  or  packet.  These  cells  are  placed  on  a  moving  path 
(conveyor  belt  or  turntable)  and  the  reacting  species  are  mixed. 

A  computer  can  be  used  to  monitor  and  control  the  analyzer  and  also  to  collect 
and  manipulate  the  analytical  data.  Diagnostic  software  for  identifying  system 
malfunctions  is  usually  included.  There  is  some  flexibility  in  the  mixing  times  and  detector 
parameters  which  allows  for  some  optimization  of  the  analytical  method. 
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Basically,  discrete  analyzers  allow  established  manual  techniques  to  be  directly 
emulated.  This  means,  of  course,  that  steady  state  signals  are  necessary.  Even  though 
the  mechanical  engineering  of  these  systems  is  a  marvel  to  behold,  it  is  at  the  same  time 
the  limitation  of  the  system.  The  mechanical  complexity  and  cost  are  significantly  greater 
than  those  of  the  air-segmented  continuous  flow  analyzer  or  the  flow  injection  analyzer. 

Given  the  current  state  of  FIA,  the  only  real  advantage  of  discrete  analyzers  is  the 
availability  of  prepacked  reagents.  Together  with  computer  control,  this  makes  for  nearly 
"foolproof  operation.  However,  it  is  assumed  that  the  same  determinations  are  run  day 
in,  day  out  without  variation  in  the  sample  matrix  or  other  complicating  factors.  Many 
laboratories  need  a  flexible  system  which  can  be  modified  to  meet  the  analytical  needs 
created  by  variations  in  sample  composition.  The  rigid  design  of  discrete  analyzers  is  a 
major  limitation  as  it  minimizes  this  flexibility.  An  additional  limitation  is  that  the  cost  of 
the  discrete  analyzers  is  much  higher  than  that  of  any  of  the  continuous  flow  analyzers. 


2.5  FLOW  INJECTION  ANALYSIS 

The  automation  of  chemical  methods  is  necessary  for  cost,  safety  and  reliability 
reasons  and  has  been  realized  through  the  development  of  air-segmented  continuous  flow 
analyzers.  Since  careful  control  of  the  air  bubbles  is  critical  to  the  optimized  performance 
of  these  systems,  start  up  and  stabilization  require  considerable  time.  Is  there  a  better 
way  to  do  automated  continuous  flow  analysis?  Yes! 

The  question  that  must  be  asked  is,  what  is  needed  to  produce  an  automated 
system  with  high  reproducibility?  It  has  been  shown  in  the  previous  sections  that  the 
answer  is  a  system  in  which  the  physical  mixing  can  be  carried  out  reproducibly.  Neither 
batch  methods  nor  air-segmented  continuous  flow  analyzers  have  reproducible  physical 
mixing.  The  air  bubbles  in  the  air-segmented  continuous  flow  analyzers  are  the  major 
source  of  randomness  in  the  system.  They  cause  irreproducible  mixing  and  therefore 
create  the  need  for  a  "steady  state"  measurement.  Why  use  an  air  bubble?  The  purpose 
of  the  air  bubble  is  to  create  the  "beaker"  walls.  The  bubbles  are  placed  in  the  system 
to  prevent  intermixing  of  segments  or  samples.  What  happens  when  the  bubbles  are 
removed  from  the  system?  The  answer  is  Flow  Injection  Analysis  (FIA)!  As  a 
consequence  of  the  air  bubbles  being  removed  from  the  system,  the  physical  mixing  of 
the  reagent  and  sample  can  be  reproducibly  performed. 

As  shown  in  Fig.  2.8,  in  FIA  the  sample  is  injected  into  a  nonreactive  carrier  stream, 
not  introduced  into  the  system  through  the  pump.  In  practice,  this  carrier  stream  may  be 
a  pH  or  ionic  strength  buffer  or  simply  water.  The  sample  plug  is  pushed  down  the  tube 
to  the  tubing  tee  or  junction.  The  reagent  is  pumped  down  another  tube  towards  the 
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same  tee.  The  reagent  is  usually  continuously  pumped.  The  carrier  stream  containing  the 
sample  zone  is  merged  with  reagent  at  the  tee. 


s 


CARRIER 

REAGENT 


MIXING 


/VVVS — DET 

COIL  - 


k  WASTE 


Fig.  2.8.  Schematic  diagram  of  a  typical  single  reagent  FIA  system.  S  =  site  of  sample 
injection,  DET  =  detector. 


The  exact  mechanism  of  how  R  and  S  merge  is  important  but  the  details  are 
beyond  the  scope  of  this  discussion.  However,  it  is  important  to  realize  that  the  flow 
characteristics  and  mixing  at  this  union  are  very  reproducible. 

The  combined  R  and  S  pass  through  a  coiled  section  of  tubing  in  order  to  provide 
the  necessary  conditions  for  the  desired  chemistry.  The  coil  dimensions,  the  sample 
volume  injected  and  the  flow  rates  of  R  and  C  are  optimized  for  the  given  chemistry  being 
utilized.  But  what  is  meant  by  optimization?  There  is  no  straightforward  answer  to  this 
question  because  each  method  should  be  developed  for  a  critical  need,  i.e.,  high 
throughput,  good  selectivity,  low  detection  level  or  specific  detector  requirements.  The 
optimization  is  used  only  to  achieve  the  desired  characteristics  for  the  method. 

The  FIA  system  itself  provides  the  reproducible  physical  conditions,  in  contrast  to 
batch  methods  or  air-segmented  continuous  flow  analyzers.  This  is  true  since  the  FIA 
system  contains  no  components  that  create  random  turbulence.  Only  reproducible 
convection  will  be  observed.  The  next  question  is  whether  a  steady  state  signal  is  a 
requirement  for  precise  quantitation  in  an  FIA  system.  Since  identical  physical  and 
chemical  conditions  can  consistently  be  obtained,  as  long  as  the  system  configuration  is 
not  changed,  steady  state  is  not  a  necessary  requirement. 
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Fig.  2.9.  Typical  detector  output  of  an  FIA  system  into  which  a  dye  solution  is  repeatedly 
injected. 


Fig.  2.9  is  a  printout  of  multiple  injections  of  a  dye  and  is  a  typical  example  of  the 
physical  reproducibility  of  FIA. 

The  next  questions  are,  does  the  addition  of  the  chemistry  to  the  system  affect  this 
reproducibility  and  is  it  necessary  for  a  chemical  reaction  to  reach  completion  before 
detection? 

Fig.  2.1 0  shows  the  development  of  an  analytical  signal  with  respect  to  time  where 
the  reaction  is  eventually  complete  (point  B). 


Fig.  2.10.  Development  of  an  analytical  signal  with  time. 
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It  is  clear  that  point  A  could  not  be  reproducibly  measured  in  the  batch  and 
air-segmented  continuous  flow  systems.  However,  the  reproducible  timing  and  the 
subsequent  reproducible  physical  mixing  make  the  measurement  of  point  A  using  FIA 
highly  precise.  The  addition  of  chemistry  to  the  system  does  not  appear  to  significantly 
alter  any  of  these  physical  characteristics.  Although  the  chemistry  (kinetics)  is  also 
affected  by  temperature  and  pressure,  these  can  be  kept  constant  in  the  FIA  system. 


2.6  CONTROLLABLE  SAMPLE  DISPERSION 

The  three  basics  of  FIA,  as  defined  by  Ruzlcka  and  Hansen,  are  reproducible  timing, 
sample  injection  and  controlled  dispersion  (1).  As  the  FIA  technique  has  been  developed 
further,  these  three  basic  principles  have  been  modified.  For  example,  samples  are  not 
always  injected  using  a  valve.  Sample  introduction  is  accomplished  as  long  as  a  sample 
plug  is  reproducibly  inserted  into  the  flowing  carrier  stream.  Without  question 
reproducible  timing  is  the  critical  principle,  since  it  leads  to  the  reproducible  physical 
conditions.  The  term  "controlled  dispersion"  has  created  much  confusion  to  the  scientific 
community.  In  this  section,  controlled  dispersion,  as  it  was  originally  explained,  will  be 
described.  Then  controllable  sample  dispersion  will  be  discussed. 

Once  the  reproducible  timing  of  the  FIA  system  had  been  realized,  it  was  observed 
that  the  injected  sample  zone  always  seemed  to  spread  out  inside  the  manifold  in  a 
reproducible  manner.  By  observing  the  peak  shapes  and  heights  it  was  clear  that  the 
sample  zone  reproducibly  expanded  or  diluted  in  the  flowing  stream.  In  order  to 
quantitate  this  phenomenon,  Ruzicka  and  Hansen  described  a  series  of  experiments  that 
would  measure  this  expansion.  They  called  the  process  dispersion. 

Dispersion  was  then  defined  as  the  amount  that  the  chemical  signal  is  reduced  by 
injecting  a  sample  plug  into  an  FIA  system.  This  is  represented  mathematically  by 

D  =  C°  /  C™*  (2.1) 

where  D  is  the  dispersion  coefficient  at  the  peak  maximum  produced  by  the  ratio  between 
C°,  the  concentration  of  a  pure  dye,  and  Cmax,  the  concentration  of  that  same  injected  dye 
as  it  passes  through  the  detector. 

The  actual  experiment  to  measure  D  is  as  follows.  A  dye  such  as  bromothymol 
blue  is  pumped  through  the  entire  FIA  manifold,  i.e.,  both  the  carrier  and  the  reagent  lines. 
The  signal  is  evaluated  and  the  concentration,  C°,  which  is  representative  of  the  pure, 
undiluted  dye  solution,  is  measured.  Then,  the  dye  is  replaced  with  a  carrier  solution 
which  is  pumped  through  the  system.  With  bromothymol  blue  borax  is  used  in  order  to 
maintain  the  proper  pH.  Finally,  the  bromothymol  blue  solution  is  injected  into  the 
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manifold.  The  observed  signal  is  recorded  and  C1™*  is  calculated.  The  dispersion 
coefficient  can  then  be  calculated. 

The  dispersion  coefficient  is  useful  in  that  it  allows  comparisons  of  different 
manifolds.  Further,  it  provides  a  means  of  verifying  and  monitoring  the  extent  of  sample 
dilution  resulting  from  any  changes  made  to  the  manifold  during  method  development. 
In  essence,  what  Ruzicka  and  Hansen  called  controlled  dispersion  is  in  fact  the  recognition 
that  the  sample  is  reproducibly  diluted  as  it  travels  down  the  tubing.  The  reproducible 
timing  allows  for  reproducible  physical  mixing  and  dilution.  The  dispersion  is  controlled. 
But  there  is  a  second  aspect  to  the  controlled  dispersion  feature. 

It  is  clear  that  the  analyst  has  complete  control  over  the  extent  of  sample 
dispersion  or  dilution  that  occurs  as  the  sample  passes  through  the  manifold.  This  control 
comes  from  the  way  in  which  the  manifold  is  designed.  Different  degrees  of  sample 
dispersion  are  necessary  depending  on  the  application  being  carried  out  or  the  detector 
that  is  used.  For  example,  the  dispersion  coefficient  can  be  less  than  1  for 
preconcentration,  between  1  and  3  for  selective  detectors,  between  3  and  1 0  for  chemical 
manifolds  and  some  separation  techniques,  and  greater  than  10  for  FIA  titration.  What 
should  actually  be  said  is  that  FIA  has  controllable  sample  dispersion. 

2.7  FACTORS  AFFECTING  CONTROLLABLE  SAMPLE  DISPERSION 

In  practice,  the  analyst  controls  the  amount  of  sample  dispersion  by  altering  the 
manifold  design.  This  controllable  sample  dispersion  allows  for  a  large  degree  of 
flexibility  for  the  analyst.  Preconcentration  all  the  way  to  dilution  can  be  carried  out  by 
using  different  FIA  manifold  designs.  The  design  of  the  manifold  is  dependent  on  the 
chemistry /detection  system  that  is  chosen  by  the  analyst.  Therefore,  the  amount  of  sample 
dispersion  is  dictated  to  the  analyst  by  the  chemical  method  that  has  been  chosen.  What 
factors  influence  the  sample  dispersion  in  an  FIA  system?  To  simplify  the  thinking,  let  us 
use  the  bromothymol  blue  dispersion  manifold  shown  in  Fig.  2.11. 


s 


Fig.  2.1 1 .  Schematic  diagram  of  the  manifold  used  for  dispersion  experiments. 
C  =  carrier,  R  =  reagent,  S  =  sample,  DET  =  detector,  W  =  waste. 
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Note  that  no  chemical  reaction  is  involved  in  this  experiment.  Perhaps  the  factor 
that  first  comes  to  mind  is  the  total  flow  rate,  i.e.,  varying  the  pump  speed  without  altering 
the  manifold  design. 

Table  2.1  shows  some  typical  results  of  such  experiments.  It  can  be  seen  from  the 
Table  that  total  flow  rate  has  a  very  small  influence  on  sample  dispersion.  But  what  about 
differential  flow  rate  variations  between  the  carrier,  C,  and  reagent,  R? 

TABLE  2.1 

Dispersion  coefficient,  D,  as  a  function  of  the  total  flow  rate  for  a  fixed  manifold  design. 
Sample  volume:  100  pi.  The  flow  rates  of  the  carrier  and  reagent  are  identical. 


Total  flow  rate 

ml/min 

Dispersion  coefficient 

D 

1.6 

3.0 

2.4 

2.9 

4.0 

2.9 

Table  2.2  gives  the  answer:  differential  flow  rate  variations  produce  significant 
changes  in  sample  dispersion. 

TABLE  2.2 

Dispersion  coefficient,  D,  as  a  function  of  the  C/R  ratio.  A  fixed  manifold  with  a  sample 
volume  of  100  pi. 


Flow  rate 

ml/min 

C  R 

C/R 

C/(C  +  R) 

Dispersion 

coefficient 

D 

2.0 

2.0 

1.00 

0.50 

3.0 

2.0 

1.2 

1.67 

0.62 

2.4 

1.2 

2.0 

0.60 

0.38 

4.0 

0.6 

2.0 

0.30 

0.23 

6.5 

2.0 

0.6 

3.33 

0.77 

2.3 

2.8 

0.4 

7.00 

0.88 

2.0 

0.4 

2.8 

0.14 

0.13 

11.7 

19 


The  explanation  is  straightforward.  At  the  merging  point  of  C  and  R  different 
degrees  of  dilution  occur.  For  example,  in  the  case  of  a  C/R  ratio  of  7  we  have,  at  the 
merging  point,  seven  volumes  C  (and  S)  for  each  volume  of  R.  Although  this  appears  to 
be  an  effective  way  of  controlling  sample  dispersion,  there  seems  to  be  a  practical 
limitation  to  maintaining  constant  flow  rates  at  ratios  smaller  than  0.1  and  larger  than  10. 

The  next  suggestion  would  be  to  change  coil  length  in  Fig.  2.11  in  order  to  change 
the  sample  dispersion.  Table  2.3  shows  the  dispersion  coefficient,  D,  as  a  function  of  coil 
length. 


TABLE  2.3 

Dispersion  coefficient,  D,  as  a  function  of  the  coil  length.  A  fixed  manifold  with  a  sample 
volume  of  100  n\. 


Coil  length,  cm 
(i.d.=0.5  mm) 

Dispersion  coefficient 

D 

30 

3.0 

60 

3.0 

120 

3.3 

Clearly,  coil  length  does  not  significantly  affect  the  sample  dispersion.  Would  this 
observation  still  be  true  for  straight  tubes  of  similar  lengths  and  diameter?  The  answer 
is  that  the  relative  amount  of  sample  dispersion  is  slightly  greater  in  the  straight  tube. 
This  is  expected  in  view  of  fluid  dynamic  theory.  What  happens  when  the  inner  diameter 
of  the  coil  or  tube  is  changed? 

Table  2.4  shows  dispersion  coefficient  data  for  different  inner  diameters.  The 
conclusion  is  that  the  inner  diameter,  within  practical  limits  (0.35  -  0.9  mm),  is  not  critical 
to  sample  dispersion. 

The  overall  conclusion  about  coil/tube  length  and  Inner  diameter  of  the  coil  is  that, 
relative  to  flow  rate  ratio,  they  are  minor  contributors  to  changes  in  sample  dispersion. 
Therefore,  utilization  of  these  factors  for  manipulation  of  sample  dispersion  is  not 
recommended. 
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TABLE  2.4 

Dispersion  coefficient,  D,  as  a  function  of  the  coil  inner  diameter.  A  fixed  manifold  with 
a  sample  volume  of  100  pi. 


The  last  choice  is  to  vary  the  sample  volume.  Will  such  a  change  produce 
significant  changes  in  the  observed  dispersion  coefficient?  Table  2.5  shows  sample 
dispersion  coefficients  as  a  function  of  sample  volume.  As  can  be  seen,  a  threefold 
decrease  in  sample  dispersion  occurs  when  the  sample  volume  is  increased  from  40  to 
400  pi.  The  ease  with  which  sample  volume  can  be  changed  makes  this  approach  one  of 
the  most  convenient  ways  to  manipulate  sample  dispersion.  However,  a  practical 
restriction  is  that  it  cannot  be  changed  more  than  a  factor  of  3  •  4. 

TABLE  2.5 

The  dispersion  coefficient  D  as  a  function  of  the  sample  injection  volume. 


The  above  discussion  is  based  on  the  manifold  configuration  shown  in  Fig.  2.11. 
By  changing  flow  rate  ratios,  sample  volumes,  coil  length  and  diameter  in  this  manifold 
a  tenfold  variation  of  sample  dispersion  can  be  achieved.  Obviously,  there  are  situations 
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where  greater  than  tenfold  dilution  is  required.  Consequently,  the  manifold  must  be 
redesigned  to  fulfill  this  requirement. 

A  mixing  chamber  can  be  incorporated  in  the  manifold  as  depicted  in  Fig.  2.12.  The 
mixing  chambers  can  be  of  two  types:  passive  or  active. 


-v  ^ 

PASSIVE 

A 


B 


Fig.  2.12.  FIA  systems  with  a  mixing  chamber  included  to  promote  dilution  of  the  sample: 
(A)  passive  and  (B)  active  mixing  chambers. 


Regardless  of  the  type  of  mixing  chamber  the  effect  of  such  devices  is  presented 
in  Fig.  2.13. 


a 


Fig.  2.13.  FIA  peak  without  (a)  mixing  chamber  and  with  (b)  mixing  chamber. 
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The  peaks  contain  the  same  amount  of  dye,  but  the  peak  shapes  are  markedly 
different.  The  mixing  chamber  creates  a  broad  peak  with  a  large  tail.  Obviously,  mixing 
chambers  will  reduce  the  sample  throughput  of  an  FIA  system,  as  the  introduction  of  the 
next  sample  normally  would  not  be  made  until  the  entire  tail  of  the  preceding  sample  has 
left  the  detector. 

In  an  effort  to  avoid  the  broadening  of  the  peak  and  the  tailing  created  by  the 
mixing  chamber,  a  variety  of  techniques  have  been  developed.  Zone  sampling  is  based  on 
injection  of  the  sample  into  a  carrier  where  it  is  diluted,  thus  creating  substantial  peak 
broadening.  The  dispersed  sample  is  then  led  into  a  second  injector  which  cuts  out  only 
a  portion  of  the  entire  sample  zone  and  injects  it  into  a  second  carrier,  see  Fig.  2.14.  The 
timing  between  injections  1  and  2  is  critical  with  respect  to  reproducibility  and  can  be 
used  to  vary  the  degree  of  dilution.  Dispersion  coefficients  of  up  to  1000  can  be  achieved 
with  this  technique. 


Fig.  2.14.  Manifold  design  for  zone  sampling.  Cl  and  C2  =  carrier  streams, 
R  =  reagent,  S  =  sample,  DET  =  detector,  W  =  waste. 


Sample  splitting  can  be  performed  in  several  ways.  Fig.  2.15  shows  a  simple 
manifold  for  sample  splitting. 
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Fig.  2.15.  Manifold  design  for  sample  splitting.  C  =  carrier  stream, 
R1  and  R2  =  reagents,  S  =  sample,  DET  =  detector,  W  =  waste. 


Immediately  after  the  injection  of  the  sample  zone  a  major  portion  of  the  carrier 
stream  is  diverted  to  waste  and  replaced  with  a  new  carrier  (or  reagent)  stream.  Note  that 
the  distance  between  the  diversion  point  and  the  merging  point  must  be  kept  short 
because  the  flow  rate  is  low  between  these  points. 

Once  again,  it  must  be  stressed  that  the  discussion  in  this  section  has  not  involved 
any  chemical  reactions. 


2.8  RELATIONSHIP  BETWEEN  MANIFOLD  DESIGN  AND  CHEMISTRY 

In  the  previous  section,  the  discussion  centered  on  the  effect  that  physical  changes 
in  the  FIA  system  have  on  dispersion  of  the  sample.  It  was  clearly  demonstrated  that 
controllable  sample  dispersion  is  possible  with  FIA.  However,  in  that  section  the  effect 
that  these  manifold  design  changes  have  on  the  chemistry,  and  therefore  the  observed 
signal,  was  not  discussed.  Usually,  changes  In  manifold  design  are  made  in  order  to  meet 
the  specific  needs  of  the  particular  method/detector  that  is  being  used.  The  optimization 
of  the  design  needed  for  the  chemistry  usually  takes  precedence  over  the  concern  for  the 
minimum  amount  of  sample  dispersion.  So,  let  us  ask,  what  changes  in  an  FIA  system 
would  affect  the  chemistry  as  reflected  by  the  observed  signal? 

Changes  in  total  flow  rate  could  affect  the  observed  signal  since  the  time  that  the 
sample  and  reagent  are  mixed  before  detection  is  changing.  This  time  is  called  the 
reaction  time,  increases  in  the  total  flow  rate  result  in  a  decrease  in  reaction  time.  If  the 
chemical  reaction  is  not  at  equilibrium,  as  in  many  FiA  methods,  the  time  available  for  the 
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reaction  to  proceed  toward  equilibrium  is  reduced.  Therefore,  a  lower  signal  is  observed 
because  the  formation  of  RS  is  reduced.  Changes  in  the  ratio  between  flow  rates 
introduce  two  potential  factors  into  the  chemistry.  First,  the  total  flow  rate  could  be 
changed  and  therefore  the  reaction  time  would  be  changed,  as  already  discussed  above. 
Second,  the  change  in  the  relative  concentrations  of  R  and  S  may  change  the  apparent 
rate  of  RS  formation.  This  is  dependent  on  the  kinetics  of  the  chemical  reaction  and  that 
the  reaction  has  not  reached  equilibrium. 

Changes  in  coil  length  would  obviously  change  the  observed  signal  for  a  chemistry 
that  has  not  reached  equilibrium  since  an  increased  coil  length  increases  reaction  time. 
Changes  in  coil  inner  diameter  may  or  may  not  affect  the  observed  chemical  signal.  If  the 
changes  are  small  such,  as  0.3  -  0.5  mm  i.d.  tubing  with  total  length  of  less  than  1  m,  the 
reaction  time  is  not  dramatically  increased.  Therefore,  the  change  in  signal  is  not 
significantly  different.  However,  if  the  changes  are  large,  such  as  0.3  -  0.9  mm  i.d.  tubing 
or  combined  with  increases  in  length,  the  reaction  time  is  significantly  increased. 
Therefore,  if  the  steady  state  condition  has  not  been  reached,  the  observed  signal  will  be 
enhanced. 

Obviously,  changes  in  sample  size  will  affect  the  observed  signal.  However,  most 
of  this  observed  change  in  signal  is  due  to  the  physical  dispersion  characteristics  and  not 
to  any  chemical  kinetic  effects.  The  sample  size  does  not  alter  the  sample  concentration 
at  the  merging  point  between  R  and  S.  It  only  increases  the  length  of  the  sample  zone. 

In  conclusion,  there  are  only  two  ways  that  the  kinetics  of  a  chemical  reaction  can 
be  used  to  change  the  observed  FIA  signal:  change  in  reaction  time  and  varying  the  ratio 
of  R  and  S.  Since  the  chemical  kinetics  are  usually  not  well  understood  or  the  practical 
limitations  of  the  FIA  system  do  not  provide  a  large  enough  change  in  ratios  to  allow  for 
a  significant  change  in  the  apparent  rate  of  reaction,  the  only  practical  approach  is  to 
increase  the  reaction  time.  The  best  way  to  increase  the  reaction  time  is  to  decrease  the 
flow  rate.  The  next  best  way  is  to  increase  the  coil  length.  Neither  of  these  approaches 
significantly  increases  physical  dispersion.  Any  manifold  change  that  increases  the 
reaction  time  and  does  not  significantly  change  dispersion  is  the  best  way  to  utilize 
chemical  kinetics. 

Two  points  need  to  be  mentioned  when  dealing  with  chemical  kinetics.  Obviously, 
temperature  should  change  the  rate  of  reaction.  It  is  possible  to  have  a  heated  section 
of  manifold  to  promote  a  reaction.  Second,  a  stopped  flow  procedure  can  be  used.  Both 
techniques  place  special  requirements  on  the  FIA  hardware;  these  techniques  are 
discussed  later. 
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2.9  THE  GRADIENT 

The  output  of  the  FIA  system,  as  shown  in  Fig.  2.9,  hides  a  basic  feature  of  FIA. 
Fig.  2.16  shows  an  expanded  view  of  an  FIA  peak.  The  peak  is  skewed.  The  question  to 
be  asked  is:  why  does  this  skewing  exist?  The  answer  is  that  as  the  sample  zone  travels 
down  the  manifold  dispersion  occurs.  However,  the  amount  and  direction  of  dispersion 
are  not  uniform  for  the  entire  sample  zone. 


Fig.  2.16.  Expanded  x  axis  (time  axis)  for  an  FIA  peak.  Cmax  denotes  the  maximum 
analyte  concentration. 


The  center  of  the  zone  is  moving  faster  than  the  edges  against  the  wall,  as  wall 
drag  slows  the  molecules.  This  is  called  axial  dispersion.  The  molecules  against  the  walls 
also  move  back  toward  the  center  of  the  tubing.  This  is  the  radial  dispersion  of  the 
system.  Both  radial  and  axial  dispersion  occur  as  the  zone  moves  down  the  tubing.  This 
dispersion  process  has  been  described  in  several  ways  and  many  theories  about  the  exact 
appearance  have  been  presented. 
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The  most  common  depiction  of  the  dispersed  sample  zone  is  shown  in  Fig.  2.17. 
The  actual  length  of  the  plug  is  considerably  more  extended  than  shown  in  Fig.  2.17.  In 
addition,  the  parabolic  shape  of  the  peak  head  portion  has  been  questioned.  Since  the 
concentration  is  greater  in  the  center  and  at  the  front  of  the  zone,  the  FIA  peak  quickly 
rises  to  a  maximum.  The  tailing  section  of  the  zone  creates  the  slowly  decreasing 
backside  of  the  peak  to  the  baseline. 


DISPERSED  SAMPLE  PLUG 


Fig.  2.17.  Simplified  depiction  of  the  sample  zone  after  some  dispersion  has  occurred. 


When  comparing  the  air-segmented  continuous  flow  analyzer  peaks  with  the  FIA 
peaks  there  are  obvious  differences,  see  Fig.  2.18. 


Fig.  2.18.  Comparison  of  signal  output  from  an  air-segmented  continuous  flow  analyzer 
(A)  and  from  a  flow  injection  analyzer  (B). 
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Why  do  these  techniques  produce  different  peak  shapes?  The  answer  is  that  the 
segmentation  produces  irreproducibility,  thereby  requiring  steady  state  measurements, 
in  FIA  a  steady  state  is  not  a  necessity.  The  bubbles  and  the  steady  state  signal  basically 
lead  to  the  objective  of  the  air-segmented  flow  analyzer.  The  objective  is  to  continuously 
produce  a  set  of  conditions  where  the  ratios  between  R,  S  and  RS  are  the  same  at  a  given 
time  for  different  readings  of  the  same  sample.  Once  again,  the  only  place  where  this 
objective  can  be  met  is  at  the  plateau  or  the  steady  state  portion  of  the  curve.  Although 
it  is  potentially  possible  to  use  the  rising  portion  of  the  peak  to  model  and  predict  the 
steady  state  signal,  it  requires  a  significant  assumption.  The  sample  and  standards  must 
be  matched  in  terms  of  matrix,  interferences,  and  other  conditions  which  would  affect  the 
way  in  which  the  rising  portion  of  the  peak  is  represented.  Therefore,  either  the  samples 
are  uniform  or  the  chemistry  is  unaffected  by  these  changes.  Situations  where  these 
assumptions  are  true  are  rather  limited. 

But  does  not  FIA  have  the  same  objective,  namely  to  continuously  produce  a  set 
of  conditions  where  the  ratios  between  R,  S  and  RS  are  the  same  at  a  given  time  for 
different  readings  of  the  same  sample?  Yes,  it  hasl  But  for  FIA  any  given  time  can  be 
used,  not  necessarily  the  time  at  which  the  maximum  signal  is  attained.  As  a  result, 
several  sets  of  analytically  useful  ratios  for  R,  S  and  RS  are  obtained,  rather  than  just  a 
single  set.  In  fact,  any  point  on  the  ascending  part  of  the  curve  has  a  corresponding  point 
on  the  descending  part  at  which  identical  conditions  for  the  concentration  ratios  are  valid. 
The  reproducible  spectrum  of  different  concentration  ratios  is  unique  to  FIA  and  is  called 
''the  gradient". 

Let  us  explore  this  concept  further.  Assuming  that  the  sample  is  injected  into  a 
carrier  stream  which  is  merged  with  the  reagent,  the  amount  of  RS  that  is  formed  depends 
on  the  kinetic  rate  of  reaction  between  R  and  S  and  the  time  of  reaction  that  the  sample 
has  in  the  FIA  system.  Assuming  no  chemical  reaction,  the  ratios  between  R  and  S  would 
remain  constant  at  a  given  time  for  every  injection  of  the  same  sample  and  with  a  constant 
sample  loop  size.  If  the  assumption  is  that  50%  reaction  has  occurred,  then  the  ratios 
between  R,  S  and  RS  will  be  the  same  at  a  given  time  for  every  injection  of  the  same 
sample  and  with  a  constant  sample  loop  size.  If  100%  reaction  occurs,  then  the  ratio 
between  R,  the  excess  of  reagent,  and  RS  at  a  given  point  will  be  reproducible  for  every 
injection  of  the  same  sample  and  with  a  constant  sample  loop  size.  In  all  instances  a 
concentration  gradient  is  formed. 

Earlier,  the  dispersion  coefficient  at  the  peak  maximum  was  discussed  and  defined 
as 


D  =  c°/Cmax 


(2.1) 
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However,  essentially  every  section  of  the  peak  can  be  represented  by  a  dispersion 
coefficient  as  defined  by 

D  =  C°  /  C  (2.2) 

where  C°  is  the  measured  concentration  when  only  dye  is  in  the  system  and  C  is  the 
measured  concentration  of  the  injected,  dispersed  dye,  0  <  C  <  Cmax.  This  suggests  a 
unique  feature  of  the  FIA  peak,  that  is,  for  every  point  on  the  rising  portion  of  the  peak, 
there  is  an  identical  point  in  terms  of  ratio  between  R,  S  and  RS  on  the  falling  portion  of 
the  peak.  The  dispersion  coefficient  is  then  the  same  for  both  points.  These  points  are  as 
reproducible  as  the  peak  maximum.  This  unique  characteristic  of  FIA,  that  a  reproducible 
concentration  gradient  exists,  requires  an  entire  chapter  to  examine  (see  Chapter  7).  It  is 
an  exciting,  but  at  the  same  time  difficult,  aspect  of  FIA. 

At  this  point  the  reader  has  sufficient  information  to  understand  the  basics  of  FIA. 
It  is  suggested  that  the  dispersion  experiments  outlined  in  Appendix  A  be  carried  out. 
These  experiments  will  verify  the  observations  and  judgements  made  in  Section  2.7  and 
give  the  reader  some  practical  experience  with  an  FIA  system.  The  next  chapter,  dealing 
with  the  components  of  FIA,  may  be  needed  as  reference  material  to  assist  in  the 
experimental  operations. 

REFERENCE 

1.  J.  Ruzicka  and  E.H.  Hansen,  Anal.  Chim.  Acta,  99  (1978)  37-76.  [18] 
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CHAPTER  3 

COMPONENTS  OF  FIA 


3.1  INTRODUCTION 

The  basic  components,  their  designs  and  operation  are  described  in  this  chapter. 
A  researcher  can  approach  FIA  from  one  of  three  different  directions;  as  a 
chromatographer,  as  a  continuous  flow  user  or  with  no  experience  at  all.  The  usual 
practice  is  to  read  a  book  or  a  few  articles  and  design  your  own  system.  The  usual 
outcome  is  that  this  homemade  system  is  overdesigned.  Once  a  good  commercial  system 
is  seen,  or  even  the  Lego  system  of  Ruzicka  and  Hansen  (1),  it  is  clear  that  the  home  built 
system  has  been  overdesigned.  Another  problem  is  that  the  connections  do  not  have 
smooth  surfaces  in  the  flow  channels.  This  roughness  creates  additional  turbulence  which 
may  not  be  reproducible.  The  third  mistake  is  to  use  the  wrong  type  of  pump.  It  is  the 
objective  of  this  chapter  to  help  the  reader  avoid  these  time  consuming  first  steps  by 
providing  the  necessary  guidelines  and  recommendations  to  assemble  a  reproducible, 
workable  system.  A  careful  study  of  FIA  papers  as  well  as  pamphlets  provided  by 
different  FIA  manufacturers  reveals  that  the  cost  of  an  FIA  system  may  range  from  1,000 
US  dollars  up  to  40  •  50,000  US  dollars  or  even  more.  This  large  price  range  reflects  the 
fact  that  different  capabilities  must  be  designed  into  a  system  depending  on  its  intended 
use.  A  homemade,  inexpensive  flow  injection  unit  for  educational  purposes  and  an 
expensive,  microprocessor-controlled  flow  injection  analyzer  for  process  control  are  both, 
by  definition,  FIA  systems  but  otherwise  these  two  systems  have  very  little  in  common. 
The  detector  can  be  a  couple  of  platinum  wires  but  it  can  also  be  an  atomic  absorption 
spectrophotometer  or  inductively  coupled  plasma  optical  emission  spectrophotometer  with 
the  resulting  price  differential  being  rather  significant.  Since  so  many  detection  principles 
can  be  applied  in  FIA  a  special  chapter  (Chapter  4)  has  been  devoted  to  this  subject. 

All  FIA  systems  can  be  subdivided  into  a  number  of  modular  units  which,  in  turn, 
consists  of  one  or  several  components.  The  term  "component"  will  be  given  a  broad 
interpretation  in  this  chapter  from  plain  tubing,  injectors  and  single  line  manifolds  to 
complex  selectivity  enhancement  manifolds. 

Fig.  3.1  depicts  a  typical  FIA  system  as  shown  in  most  scientific  publications.  The 
vessels  for  carrier,  reagent  and  waste  storage  are  almost  always  omitted.  The  detector 
output  signal  is,  in  most  cases,  recorded  on  a  strip  chart  recorder. 
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Fig.  3.1.  Depiction  of  a  typical  FIA  system.  S  =  sample,  C  =  carrier,  R  =  reagent, 
DET  =  detector,  W  =  waste. 

The  evaluation  of  the  signal  and  the  storage  of  data  may  be  computerized  but 
neither  the  recorder  nor  the  computer  is  included  in  the  depiction  of  a  typical  FIA  system. 
Consequently,  a  "complete"  FIA  system  should  be  drawn  as  shown  in  Fig.  3.2. 


SAMPLER 


Fig.  3.2.  Depiction  of  an  FIA  system  including  all  components.  C  =  carrier,  R  =  reagent, 
DET  =  detector,  W  =  waste. 


The  different  components  in  Fig.  3.2  will  now  be  described  in  detail.  Although  there 
are  some  variations  in  design  which  can  be  tolerated,  the  common  characteristic  for  all 
components  is  that  they  must  do  their  tasks  reproducibly. 
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3.2  MEANS  FOR  TREATMENT  AND  STORAGE  OF  SOLUTIONS 

In  Chapter  2  it  was  stressed  that  no  air  should  be  present  in  an  FIA  system.  All 
aqueous  solutions  contain  dissolved  gases  which  may  evolve  even  at  room  temperature. 
Reagent  and  carrier  solutions  should,  therefore,  be  degassed  before  use.  If  thick-walled 
glass  bottles  are  used  for  storage  of  the  solutions,  the  degassing  is  easily  accomplished 
by  applying  vacuum  (using  water  suction  or  a  hand  vacuum  pump)  directly  on  the  bottle. 
By  carefully  swirling  the  bottle  during  vacuum  application,  the  air  bubbles  which  always 
accumulate  on  the  glass  walls  can  be  removed.  Once  carefully  degassed  the  solutions 
need  no  further  degassing  with  normal  storage,  assuming  that  the  solutions  are  consumed 
within  about  one  week.  Freshly  distilled  water,  which  is  commonly  used  as  carrier,  needs 
no  degassing  at  all.  Deionized  water,  on  the  other  hand,  contains  large  amounts  of 
dissolved  gas  and  must  be  treated.  Filtering  of  reagent  and  carrier  solutions  is 
recommended  as  a  precautionary  measure.  The  two  solution  treatment  steps  can  be 
combined  using  a  filtering  and  degassing  unit,  see  Fig.  3.3. 


Fig.  3.3.  Picture  of  a  filtering  and  degassing  unit.  1 .  Filling  vessel,  2.  Vessel  holder,  3.  Filter 
and  filter  grid,  4.  Filter  grid  support,  5.  Connector  port  to  vacuum,  and  6.  Reagent  flask. 
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Since  the  typicai  consumption  of  carrier  and  reagent  solutions  is  on  the  order  of 
1-2  mi/min,  a  vessel  volume  of  500  - 1000  ml  is  appropriate.  Special  caps  into  which  the 
connection  tubes  can  be  fitted  will  be  described  in  the  next  section.  Amber  glass  bottles 
should  be  used  for  light-sensitive  reagents.  Direct  sun  exposure  of  all  reagents  should 
always  be  avoided. 


3.3  CONNECTION  TUBES 

Plastic  tubes  are  used  to  connect  the  reagent  and  carrier  bottles  with  the  aspiration 
side  of  the  pump  tubes,  to  connect  the  press  side  of  the  pump  tubes  with  the  injector  and 
the  manifold,  and  to  connect  the  detector  with  the  waste  container.  Tubes  of 
polypropylene,  Teflon  (PTFE),  polyvinyl  chloride  (PVC)  or  any  other  inert  material  are 
employed.  The  most  commonly  accepted  material  is  PTFE. 

It  should  be  mentioned  that  there  is  a  difference  between  flow  rate  and  flow  velocity. 
Flow  rate  can  remain  constant,  but  if  a  larger  i.d.  tube  is  connected  to  a  smaller  i.d.  tube 
the  flow  velocity  increases.  An  increased  flow  velocity  may  lead  to  evolvement  of  gas 
bubbles  since  most  liquids  contain  dissolved  gas.  Therefore,  the  i.d.  of  the  tubes 
connecting  the  reagent  and  carrier  bottles  with  the  pump  tubes  should  be  at  least  0.8  mm. 
However,  too  large  a  diameter  should  be  avoided  since  it  will  then  take  a  long  time  to  start 
up  the  system  because  of  the  large  volume  in  this  area  of  the  system.  A  hole  is  drilled  in 
the  bottle  cap  so  that  the  connection  tube  can  be  inserted.  The  tube  should  be  emerged 
all  the  way  down  to  the  bottom  and  locked  in  position  using  glue  or  tape.  The  other  end 
of  the  connection  tube  is  connected  to  the  pump  tube,  see  Fig.  3.4. 


PUMP  TUBE  SILICONE  SLEEVE  PUMP  TUBE 


Fig.  3.4.  Connection  between  pump  tubes  and  manifold  tubes.  For  details,  see  text. 


Note  that  the  connection  tube  has  been  cut  at  a  45  degree  angle  (Fig.  3.4a)  to  make 
the  insertion  easy.  The  grip  on  the  slippery  teflon  material  is  improved  if  a  piece  of 
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sandpaper  is  folded  around  the  tube.  Pump  tubes  and  connection  tubes  with  equally  large 
outer  diameters  can  be  connected  using  a  thick-walled  silicone  rubber  sleeve,  see  Fig. 
3.4b.  The  inner  diameter  of  the  connection  tubes  used  in  the  other  parts  of  the  system 
is  not  critical,  0.5  -  0.8  mm  is  appropriate.  Be  aware  of  the  risk  of  involuntarily  emptying 
the  reagent  and  carrier  bottles  due  to  any  siphoning  effect. 

The  waste  tube  is  connected  to  a  waste  container  with  a  minimum  volume  of  2  liter. 
It  can  also  be  connected  directly  to  the  sink  via  a  much  larger  plastic  tube  (i.d.  =  10  mm). 
If  some  detergent  is  added  intially  to  this  large  tube  liquid  standstill  can  be  avoided. 


3.4  LIQUID  DELIVERY  UNITS  (PUMPS) 

The  liquid  delivery  unit  is  a  critical  component  in  an  FIA  system.  There  are  several 
technical  solutions  to  the  problem  of  propelling  the  liquid  with  a  constant  flow  rate  and 
it  is  unfair  to  rate  one  approach  over  another.  However,  since  an  FIA  system  is  normally 
operated  at  pressures  lower  than  10  psi,  there  are  three  types  of  liquid  delivery  devices 
that  are  utilized;  pressurized  bottle  (including  constant  head),  peristaltic  pump,  and  syringe 
pump.  By  far  the  peristaltic  pump  has  gained  the  largest  popularity  and  acceptance.  If 
pressures  larger  than  10  psi  are  desired  any  HPLC  pump  can  be  used.  Most  HPLC  pumps 
are  reciprocating,  positive  displacement  pumps  or  high  pressure  syringe  pumps. 

The  pressurized  bottle  works  according  to  a  principle  that  is  easily  understood. 
Air  is  provided  to  a  capped  bottle  containing  the  liquid  to  be  propelled.  A  tube  is  fitted 
into  the  cap,  led  through  the  cap  and  immersed  into  the  liquid  in  the  bottle.  The  resulting 
overpressure  inside  the  bottle  forces  the  liquid  out  this  tube.  In  principle,  the  constant 
head  technique  works  similarly.  The  bottle  is  placed  above  all  other  components  in  the 
system  and  the  liquid  flows  due  to  gravitational  force.  The  flow  rate  depends  on  the 
magnitude  of  the  overpressure,  and  on  the  narrowest  constriction  in  the  flowpath.  It  can 
thus  be  varied  within  certain  limits.  The  flow  is  constant  and  pulse-free  as  long  as  nothing 
is  changed  in  the  system.  However,  when  the  sample  is  injected  into  the  carrier  stream 
the  hydrodynamic  resistance  is  changed.  Consequently,  the  carrier  flow  rate  will  change. 
If  several  pressurized  bottles  are  used  in  an  FIA  system,  for  example  one  carrier  bottle  and 
one  reagent  bottle,  the  proportions  of  the  delivered  volumes  per  unit  time  will  be  altered 
as  the  resistance  in  one  of  the  streams  is  changed.  This  is  a  definite  disadvantage. 
Another  disadvantage  is  that  liquid  cannot  be  aspirated  which  is  desirable  for  many  FIA 
applications.  The  main  merits  of  the  pressurized  bottle  technique  are  that  it  is  inexpensive 
and  simple  to  apply. 

The  peristaltic  pump  consists  of  a  motor-driven  wheel  with  peripherally  placed 
rollers  and  a  compression  cam  (or  band)  which  is  squeezed  against  the  rollers.  One  or 
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several  pump  tubes  are  affixed  so  that  they  rest  on  a  minimum  of  two  of  the  rollers  at  all 
times,  see  Fig.  3.5. 


Fig.  3.5.  Relationship  between  the  rollers  of  a  peristaltic  pump  and  the  pump  tubes. 

The  wheel  should  rotate  at  a  rate  of  at  least  30  r.p.m.  in  order  to  produce  a  smooth 
flow.  The  flow  from  a  peristaltic  pump  is  never  completely  pulse-free.  There  is  a  wide 
variety  of  peristaltic  pumps  and  a  large  number  of  manufacturers.  Some  basic 
requirements  should  be  applied  to  a  peristaltic  pump  used  for  FIA  purposes.  First,  the 
absolute  minimum  number  of  channels,  l.e.  the  number  of  pump  tubes  that  the  pump  can 
accomodate  simultaneously,  should  be  three.  Second,  the  cam  or  band  tension  must  be 
adjustable.  Third,  the  flow  rate  should  be  in  the  range  0.3  -  5.0  ml/min  for  each  channel. 
Fourth,  the  pump  must  be  able  to  start  and  stop  instantly  since  no  extended  acceleration 
or  retardation  is  tolerated  for  stopped-flow  applications. 

Other  useful  properties  of  a  peristaltic  pump  are:  programmable  starting  and 
stopping,  variable  pump  speed,  reversed  rotation,  and  high-speed  rotation  for  filling, 
washing  and  emptying  of  the  flow  paths. 

The  flow  rate  is  varied  in  two  ways,  either  by  changing  the  diameter  of  the  pump 
tubes  while  keeping  the  roller  rotation  speed  constant,  or  by  changing  the  roller  rotation 
speed.  As  mentioned  above,  there  is  a  lower  limit  to  the  roller  rotation  speed  below  which 
the  flow  can  become  unacceptable  with  respect  to  pulsation.  Silicone  oil  is  frequently 
used  to  lubricate  all  the  surfaces  which  are  in  contact  with  the  pump  tubes.  This 
lubrication  fulfills  several  purposes.  The  life  time  of  the  pump  tubes  is  significantly 
extended.  Pulsation  is  decreased  and  friction  created  heat  is  reduced. 

At  start-up  of  a  peristaltic  pump  the  lubricated  pump  tubes  are  inserted  in  their 
respective  slots  and  the  compression  cam  or  band  is  closed.  At  this  time,  a  minimum  of 
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tension  should  be  applied  on  the  pump  tubes.  The  aspiration  side  of  the  pump  tube  (or 
its  connection  tube)  is  immersed  in  distilled  water.  The  pump  is  started  and  the  tension 
is  gradually  increased  until  the  liquid  just  starts  to  move  inside  the  tube.  The  tension  is 
then  increased  a  little  further.  The  flow  should  now  be  relatively  pulse-free.  This  can  be 
checked  by  picking  the  pump  tube  end  out  of  the  liquid  repeatedly  so  that  an 
air-segmented  stream  results.  Such  a  stream  is  much  easier  to  study  with  respect  to 
pulsation.  If  the  pump  has  separate  cams  for  each  pump  tube  the  tension  adjustment 
must  be  made  for  each  individual  channel.  If  the  pump  has  one  common  cam  or  band  for 
all  pump  tubes  it  is  important  that  the  adjacent  pump  tubes  are  fairly  equal  in  size  so  that 
the  total  tension  is  evenly  distributed.  The  order  in  which  the  tubes  are  placed  in  the 
pump  could,  as  a  suggestion,  be  governed  by  the  pump  tube  size.  Each  time  the  flow 
system  is  changed  during  operation  of  an  FIA  system,  it  is  advisable  to  readjust  the  pump 
tube  tension. 

There  is  no  universal  method  to  reduce  the  pulsation  in  a  system  containing  a 
peristaltic  pump.  Lubrication  and  a  correct  adjustment  of  the  tube  tension  are  the  basic 
means  to  prevent  pulsation.  Large  volume,  air-filled  pulse-dampeners  cannot  be 
recommended.  In  some  cases  a  piece  of  a  narrow  bore  tube  (=  0.3  mm  i.d.)  can  be 
implemented  after  the  pump.  In  other  situations  the  pump  tube  on  the  press  side  can  be 
shortened  to  prevent  "the  bellows  effect"  which  may  appear  for  large  bore  pump  tubes. 

HPLC  pumps  are  expensive  but  can  in  some  cases  be  adapted  for  use  in  FIA 
systems.  A  depulsing  arrangement  for  positive  displacement  pumps  has  been  suggested 
(2).  If  several  pumps  are  used  in  the  same  system  the  pressure  spikes  produced  by  each 
pump  will  disturb  the  proportional  mixing  of  carrier  and  reagent  streams.  The  flow  from 
each  pump  can  then  be  restricted  with  pressure  gauges  and  a  needle  valve,  see  Fig.  3.6. 

PRESSURE  GAUGES 


No  1  No.  2 


REAGENT 


Fig.  3.6.  Depulsing  system  for  positive  displacement  (HPLC)  pumps. 
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The  syringe  pump  has  not  gained  widespread  use  in  FIA  yet,  probably  for  cost 
reasons.  The  most  ideal  type  of  this  liquid  delivery  device  seems  to  be  the  precision 
piston  burette  used  for  titrations.  Conceptually,  a  syringe  pump  should  be  able  to  deliver 
a  pulse-free  flow  which  is  insensitive  to  changes  in  counterpressure.  This  has  many 
advantages  particularly  for  applications  based  on  time  measurement,  for  example  so 
called  FIA  titrations  (see  Chapter  7.2).  Very  little  is  Known  about  the  extent  of  mixing 
between  two  streams  in  an  FIA  system  when  pulsations  are  present.  Maybe  more 
attention  must  be  paid  to  the  mixing  process  when  syringe  pumps  are  used. 

Organic  solvents  immiscible  with  water  are  propelled  easily  using  the  displacement 
bottle  technique.  A  thick-walled  glass  bottle  is  filled  with  the  solvent  and  provided  with 
a  tight  cap  with  connection  ports,  see  Fig.  3.7.  Water  (Aq)  is  pumped  into  the  bottle 
thereby  forcing  out  the  organic  liquid  (Org).  Depending  on  the  specific  gravity  of  the 
solvent  the  water  is  expanding  into  the  bottle  either  from  above  or  from  below.  The 
reason  for  not  pumping  the  organic  solvent  directly  is  in  most  cases  that  the  pump  tube 
material  will  be  destroyed  by  the  solvent. 


Fig.  3.7.  Displacement  bottle  used  to  pump  organic  solvents. 
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3.5  PUMP  TUBES  (FOR  PERISTALTIC  PUMPS) 

Pump  tubes  are  made  of  either  PVC,  silicone  or  any  other  related  plastic  materials. 
The  most  common  material  is  called  Tygon,  a  transparent,  PVC-type  material.  Two  collars 
are  usually  glued  near  the  end  on  each  pump  tube.  The  purpose  of  these  colored-coded 
collars  is  twofold;  first,  to  serve  as  points  of  attachment  between  the  harnesses  of  the 
pump  and,  second,  to  identify  the  inner  diameter  and  thereby  the  flow  rate.  The  standard 
distance  between  the  collars  is  approximately  15  cm.  A  much  smaller  distance,  about  6 
cm,  is  used  for  the  Technicon  SMA-C  pump  tubes.  Such  pump  tubes  have  also  been 
adopted  for  use  in  other  commercially  available  pumps.  The  color  code  system 
established  for  pump  tubes  is  given  in  Table  3.1. 

Tygon  pump  tubes  are  used  to  propel  aqueous  solutions  and  alcoholic  solutions 
where  the  alcohol  content  should  not  exceed  5%  in  order  to  guarantee  a  long  lifetime. 
Strongly  acidic  or  basic  solutions  should  not  be  pumped  by  Tygon  pump  tubes.  A 
practical  concentration  limit  is  2  M  for  both  acids  and  bases. 

TABLE  3.1 

Color  code  scheme  for  some  selected  pump  tubes  and  corresponding  flow  rates  when 
used  in  different  pumps. 


Color  code 

Autoanalyzer  II 

Rainin 

Flow  rate,  ml/min 

Tecator  5020 

50  Hz  60  Hz 

FIAtron* 

orange/black 

0.015 

0.05 

0.06 

orange/red 

0.03 

0.1 

0.1 

orange/blue 

0.05 

0.27 

0.2 

0.3 

orange/green 

0.10 

0.40 

0.4 

0.5 

orange/yellow 

0.16 

0.70 

0.6 

0.7 

1.7 

orange/white 

0.23 

0.90 

0.8 

0.9 

2.2 

black/black 

0.32 

1.32 

1.2 

1.4 

3.7 

orange/orange 

0.42 

1.5 

1.8 

4.6 

white/white 

0.60 

2.0 

2.4 

red/red 

0.80 

2.8 

3.4 

7.4 

grey/grey 

1.00 

3.3 

4.0 

*  denotes  maximum  flow  rates;  pump  speed  is  programmable  up  to  this  volume. 
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Special  care  must  be  exercised  when  an  alkaline  solution,  tor  example  sodium 
hydroxide,  is  pumped  in  a  flow  system.  Alkaline  solutions  are  soapy  which  may  weaken 
the  connections  between  the  pump  tube  and  other  tubes.  The  problem  is  not  only  that 
a  simple  leakage  may  occur  but  that  the  liquid  might  easily  shower  into  the  eyes  of  the 
operator  when  the  connection  is  breaking.  The  cornea  is  very  sensitive  to  alkaline 
solutions. 

Yellow,  so  called  solvent  flexible  pump  tubes  (Solvaflex)  are  used  for  alcoholic 
solutions  and  for  some  alkanes,  for  example  isooctane.  These  have  collars  with  the  same 
identification  system  as  described  above.  Black  pump  tubes  of  a  viton  material  (Acidflex) 
are  used  for  strong  acids  and  for  some  chlorinated  organic  solvents,  for  example 
chloroform.  These  pump  tubes  are  relatively  expensive  and  have  a  much  shorter  lifetime 
than  other  pump  tubes.  For  pumping  of  organic  solvents  immiscible  with  water  the 
displacement  bottle  arrangement  is  therefore  preferred.  Silicone  pump  tubes  are 
extremely  elastic  and  show,  in  most  cases,  an  excellent  performance  in  peristaltic  pumps. 
Thick-walled  silicone  material  seems  to  be  particularly  suitable. 

In  order  to  check  whether  a  certain  solution  can  be  pumped  by  a  given  pump  tube, 
small  pieces  of  each  pump  tube  can  be  left  overnight  in  the  solution.  The  pump  tube 
pieces  are  then  examined.  The  importance  of  lubricating  the  pump  tubes  and  certain 
pump  parts  has  already  been  stressed.  The  lifetime  of  a  standard  pump  tube  may,  if  it  is 
correctly  treated,  amount  to  several  months.  This  assumes  that  the  pump  tube  is  not  left 
stretched  overnight  in  the  pump  or  left  with  the  compression  cam  or  band  closed  for  long 
periods  of  time  when  the  pump  is  off.  The  flow  rate  of  a  new  pump  tube  changes  during 
the  first  hours  of  use.  This  change  may  be  as  much  as  10  -  20%  for  Acidflex  pump  tubes, 
but  it  is  much  lower  for  the  other  pump  tube  types.  Normally,  a  slight,  continuous 
decrease  in  flow  rate  is  observed  as  the  pump  tube  grows  older. 


3.6  INJECTORS 

A  necessary  requirement  when  performing  an  analysis  based  on  flow  injection  is, 
by  definition,  to  insert  a  defined  and  reproducible  volume  of  the  sample  into  the  carrier 
stream.  To  this  end  injectors  are  most  commonly  used.  But  insertion  of  a  sample  can 
also  be  accomplished  through  interaction  of  two  or  more  pumps  (hydrodynamic  injection). 
This  section  will  describe  the  injection  device  as  a  component;  injection  techniques  are 
dealt  with  later  in  this  book.  The  functional  principles  of  a  typical  injector  will  first  be 
described.  Fig.  3.8  shows  a  six-port  injector. 
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Fig.  3.8.  Diagram  of  a  six-port  injector. 


The  sample  loop  is  connected  between  ports  1  and  4.  In  the  fill  mode  sample  is 
aspirated  into  the  sample  loop  and  the  carrier  Is  pumped  via  ports  5  and  6  to  the 
manifold.  In  the  injection  mode  the  port  connections  are  rapidly  switched  so  that  the 
carrier  stream  sweeps  through  the  sample  loop  and  brings  the  sample  as  a  discrete  plug 
into  the  manifold.  Note  that  sample  aspiration  continues  until  the  sample  flask  is 
removed  and  replaced,  preferably  by  a  new  sample  or  by  a  rinsing  solution.  The  conduit 
volumes  between  two  adjacent  ports  are  small,  typically  a  few  microliters. 

Several  injector  types  have  been  developed  and  used  for  FIA  and  chromatography. 
In  fact,  most  liquid  chromatography  valves  are  suitable  for  FIA  (but  not  vice  versa).  The 
following  aspects  should  be  considered  when  choosing  an  injector  for  FIA: 

1.  Volumes  of  liquid 

The  injection  volume  must  be  changeable  at  least  in  the  range  30  -  200  /zl. 
Once  chosen,  the  volume  should  be  perfectly  constant. 

The  sample  volume  needed  to  fill  the  injector  is  inevitably  larger  than  the 
injection  volume  but  it  should  not  be  significantly  larger.  Almost  all  FIA 
papers  present  information  about  the  injection  volume  but  almost  no  FIA 
paper  presents  information  about  the  total  volume  of  sample  needed  to 
perform  an  analysis.  This  aspect  is  extremely  vital,  particularly  when  the 
sample  amount  is  limited. 
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2.  Filling  of  sample 

The  most  convenient  way  to  fill  the  sample  into  the  injector  is  by  aspiration 
since  a  minimum  of  manual  intervention  is  required.  Filling  from  a  syringe 
can  be  acceptable  if  very  few  samples  are  to  be  run,  but  it  is  totally 
unacceptable  for  large  numbers  of  samples. 

3.  Mode  of  activation 

Automatic  activation  predominates  and  is  definitely  preferable.  Manual 
activation  often  involves  turning  a  movable  part  of  the  valve  which  is  a 
difficult  operation  to  carry  out  in  a  reproducible  way.  The  activation  period 
should  be  short.  The  carrier  stream  into  which  the  sample  is  to  be  inserted 
is,  for  many  injectors,  interrupted  during  the  activation  period.  This  means 
that  the  proportions  between  the  carrier  and  the  reagent  are  changed 
temporarily.  In  some  injector  designs  this  effect  has  been  decreased 
through  implementation  of  a  by-pass  tube  so  that  the  carrier  can  continue 
to  flow  during  the  activation  period. 

From  a  functional  point  of  view,  there  are  two  types  of  injectors,  rotary  valve 
injectors  and  syringe  injectors.  The  design  of  rotary  valve  injectors,  commonly  used  in 
liquid  chromatography,  and  the  predominating  injector  for  FIA,  has  already  been  shown 

(Fig.  3.8). 

Several  versions  of  rotary  valve  injectors  exist.  Fig.  3.9  shows  a  refined  six-port 
rotary  valve  Injector  provided  with  a  by-pass  to  prevent  the  temporary  interruption  of  the 
flow  which  occurs  for  most  chromatography  injectors. 


a  b 

Fig.  3.9.  Rotary  valve  injector  with  by-pass  to  prevent  temporary  interruptions  of  flow, 
a)  fill  position  and  b)  inject  position. 
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In  the  fill  mode  (3.9a),  sample  is  aspirated  into  the  sample  loop  and  the  carrier  is 
led  directly  to  the  manifold.  In  the  turn  mode  (3.9b)  neither  the  carrier  nor  the  sample 
stream  is  interrupted  since  the  flows  find  their  ways  through  the  by-pass  loops.  It  is 
important  to  fill  the  carrier  by-pass  loop  with  carrier  solution  before  aspiration  of  sample 
starts,  otherwise  air  will  be  introduced  in  the  system. 

In  the  injection  mode  (3.9c)  the  carrier  transports  the  contents  of  the  sample  loop 
to  the  manifold.  In  all  modes  the  by-pass  loops  are  open  but  only  in  the  turn  mode  is 
liquid  flowing  through  them.  The  hydrodynamic  resistance  is  essentially  much  larger  in 
the  by-pass  loops  (0.35  mm  i.d.)  in  comparison  with  all  other  conduits  connected  to  the 
injector  (0.5  -  0.9  mm  i.d.). 

The  principle  of  the  second  injector  type,  the  syringe  injector,  is  illustrated  in  Fig. 

3.10. 


Fig.  3.10.  Syringe  injector. 

An  exact  volume  of  sample  is  filled  into  the  syringe  and  injected  manually.  A 
certain  degree  of  technical  skill  by  the  operator  is  required.  This  type  of  injector  was 
frequently  employed  in  the  pioneering  phase  of  FIA  but  it  now  has  considerably  less 
popularity. 

The  exact  volume  of  the  injected  sample  can  be  determined  by  calibration.  A  dye, 
preferably  bromothymol  blue,  is  injected  into  the  FIA  system.  In  this  case  a  borax  solution 
is  used  both  as  carrier  and  as  reagent  to  maintain  a  constant  pH.  No  detector  is  needed 
at  this  stage.  The  outlet  stream  from  the  manifold  is  collected  in  a  volumetric  flask,  see 
Fig.  3.11. 
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Fig.  3.1 1 .  Experimental  set-up  for  evaluating  injection  volume. 

When  the  entire  sample  zone  has  left  the  FIA  system,  and  thus  has  been  collected, 
the  flask  is  made  up  to  volume  with  borax  solution.  In  similar  volumetric  flasks  known 
volumes  of  the  dye  solution,  for  example  50, 100  and  200  n I,  are  portioned.  All  flasks  are 
made  up  to  volume  with  the  same  borax  solution.  The  absorbances  of  calibration  and 
sample  solutions  are  measured,  a  calibration  graph  is  constructed  (it  should  be  linear), 
and  the  sample  volume  is  evaluated. 

3.7  MANIFOLDS  FOR  GENERAL  PURPOSE  USE 

The  manifold  is  the  focus  of  the  physical  mixing  and  the  chemical  reactions  which 
take  place  in  an  FIA  system.  The  manifold  design  can  vary  considerably  depending  on 
the  conditions  defined  by  the  method.  During  the  development  stage  of  a  method,  it  is 
desirable  that  manifold  modifications  can  be  made  rapidly  and  easily  to  save  time.  On  the 
other  hand,  once  a  manifold  design  has  been  developed  and  approved  for  routine 
purpose,  a  fixed,  rigid  structure  is  desirable. 

In  practice,  the  simplest  possible  manifold  configuration  is  illustrated  in  Fig.  3.12. 


Fig.  3.12.  Simple  FIA  manifold.  C  =  carrier,  R  =  reagent,  T  =  mixing  tee. 
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It  consists  of  a  tee  tor  the  merging  of  the  carrier  and  reagent  streams  and  a  coiled 
reaction  tube.  At  the  tube  end  a  connector  of  some  kind  is  furnished  to  provide  a 
convenient  interface  with  the  detector.  Since  the  sample  dispersion  process  predominantly 
occurs  in  the  manifold,  the  design  of  the  latter  is  delicate.  As  previously  described,  a 
suitable  material  for  the  sample  and  reagent  connection  tubes  leading  up  to  the  tee  is 
FTFE.  The  inner  diameter  of  these  tubes  is  usually  in  the  range  0.5  -  0.8  mm.  Fig.  3.13 
illustrates  some  typical  tubing  connector  (tees)  configurations. 


Fig.  3.13.  Typical  tubing  connection  (tees)  used  in  FIA. 
a)  W,  b)  T,  and  c)  Y  configuration. 

In  most  cases,  the  geometry  of  the  tee  (T  or  Y)  is,  in  most  cases,  not  critical  as  long 
as  the  bores  are  smooth  and  of  constant  inner  diameter,  preferably  0.5  -  0.8  mm  i.d.  As 
a  general  rule,  cavities  and/or  constrictions  should  be  avoided,  particularly  at  the  merging 
point.  The  reason  for  this  is  that  irreproducible  turbulence  might  occur.  From  a  reliability 
point  of  view,  the  tee  configuration  in  Fig.  3.13a  is  favored. 

The  reaction  tube  is  situated  between  the  tee  and  the  detector,  see  Fig.  3.12.  It  is, 
in  most  cases,  made  of  PTFE.  The  ends  of  the  tube  are  flanged  and  provided  with 
standard  connectors  and  washers  of  viton  rubber,  see  Fig.  3.14. 

The  tube  mouth  (or  trumpet)  must  be  symmetrical  and  the  tube  wall  thickness  must 
be  even.  Some  skill  has  to  be  developed  before  satisfactory  results  are  obtained. 
Ready-made  tubes  with  washers  and  connectors  can  be  purchased  from  most  FIA 
manufacturers. 


Fig.  3.14.  Standard  tube  end  configuration. 

a)  standard  connector,  b)  washer,  and  c)  flanged  tube  end. 


44 


The  length  of  the  reaction  tube  is  normally  in  the  range  of  10  - 100  cm.  A  suitable 
coil  diameter  is  25  -  40  mm.  The  tube  is  coiled  not  only  to  save  space  and  keep  the 
system  neat  but,  more  importantly,  to  induce  a  secondary  flow.  The  establishment  of  the 
secondary  flow  due  to  centrifugal  forces  restricts  the  amount  of  axial  dispersion  which  will 
occur.  The  exact  mechanism  and  optimized  conditions  for  the  establishment  of  the 
secondary  flow  are  not  clear.  However,  coiling  the  tubing  does  minimize  dispersion. 

Fig.  3.1 5  shows  a  commercial  standard  manifold  (Chemifold  II,  Tecator,  Sweden). 


Fig.  3.15.  Commercial  FIA  manifold  for  a  method  that  requires  two  reagents. 


The  manifold  is  made  of  plexiglass.  Standard  coil  lengths  are  30  and  60  cm  and 
the  inner  diameter  is  either  0.5  mm  or  0.7  mm.  Two  coils  can  be  connected  using  a 
standard  low  pressure  union.  A  piece  of  sandpaper  is  included  to  improve  the  grip  on  the 
PTFE  tube  when  a  pump  tube  is  to  be  connected.  Also,  a  piece  of  silicone  tube  is 
provided  to  be  used  as  a  sleeve  when  a  small  bore  pump  tube  and  a  PTFE  tube  are  to  be 
connected.  This  type  of  manifold  is  also  available  in  a  solvent  resistant  material  for 
applications  requiring  non-aqueous  solutions. 

In  1984  Ruzicka  and  Hansen  (3)  introduced  "integrated  microconduits"  for  FIA  in  an 
effort  to  accommodate  injector,  manifold,  and  detector  in  one  rigid  unit.  The  mixing 
channels  were  engraved  in  small,  transparent  PVC  blocks  (70  x  45  x  10  mm)  and  closed 
by  a  plate  or  a  plastic  film.  A  basic  microconduit  unit  is  shown  in  Fig.  3.16. 
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Fig.  3.16.  Basic  microconduit  for  FIA.  R  =  reagent  input,  C  =  carrier  input,  S  =  external 
injector,  D  =  detector  connections,  W  =  waste  output. 


This  particular  microconduit  does  not  include  an  injector  and  detector.  The  length 
of  the  channel  from  the  confluence  point  with  R  to  the  first  detector  point  is  1 5.6  cm.  This 
should  be  compared  with  the  tube  lengths  of  30  -  60  cm  which  are  typical  for  the  flexible 
manifolds.  Almost  identical  sample  dispersion  characteristics  were  observed  for  a  75  cm 
coiled  tube,  i.d.  0.5  mm,  and  the  15.6  cm  engraved  channel  of  the  unit  in  Fig.  3.16  (3). 

The  cross-sectional  area  of  the  engraved  channel  is  semicircular  and  about 
0.8  mm2.  Information  about  flow  dynamics  in  such  channels  is  virtually  nonexistent  but 
possibly  the  radial  mixing  properties  are  improved  over  the  corresponding  properties  of 
circular  channels. 

There  are  many  advantages  with  integrated  microconduits.  They  are  rigid  and 
therefore  suitable  for  routine  applications.  The  channels  are  protected  from  external 
influence  that  are  mechanical  in  nature  in  contrast  to  a  coiled  tube  for  which  the  flow 
characteristics  may  be  disturbed  or  altered  when  it  is  touched.  They  are  small,  compact, 
and  easy  to  connect  in  an  FIA  system.  However,  a  large  number  of  different 
microconduits  is  required  during  method  development  since  the  entire  unit  has  to  be 
exchanged  when,  for  instance,  a  systematic  variation  of  the  mixing  coil  length  is 
performed.  Strongly  alkaline  solutions  and  organic  solutions  might  present  problems  with 
the  seal  between  the  closing  plate  or  film  and  the  engraved  plate,  but  these  problems  can 
probably  be  mastered  if  an  alternative  sealing  arrangement  is  worked  out. 
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3.8  MANIFOLDS  FOR  MIXING 

For  most  applications  the  mixing  of  sample  and  reagent  in  the  manifold  tube  or 
channel  occurs  reproducibly  and  without  complications  or  surprises.  In  other  words, 
coiled  tubes  with  an  inner  diameter  of  0.5  -  0.7  mm  and  a  length  of  30-100  cm  will  do  in 
most  cases.  Yet,  the  mixing  process  is  of  fundamental  importance  for  the  FIA  user  since 
there  may  be  situations  when  it  is  desirable  to  improve  and  enhance  the  mixing  efficiency. 
Two  situations  will  be  given  as  examples. 

In  the  first  example,  the  samples  are  assumed  to  have  a  high  salt  content.  An 
immediate  corrective  measure  for  this  problem  is  to  use  a  carrier  stream  having  about  the 
same  salt  concentration  as  the  samples.  The  reagent  solution,  which  is  normally  rather 
dilute,  can  eventually  be  provided  with  an  inert  salt  to  match  the  salt  content  of  the  carrier 
and  sample.  In  this  way  variations  in  the  salt  concentration  are  decreased  or  cancelled 
out.  Still,  the  analyst  might  have  some  concern  about  a  satisfactory  mixing  of  the  solutions 
in  the  coil  since  salt  solutions  are  known  to  channel  and  to  form  unstirred  layers. 
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Fig.  3.17.  Manifold  designs  for  the  optimized  mixing  of  ethanolic  reagents  and  aqueous 
samples  (4).  Mixers:  a)  Solvaflex  tubing  filled  with  glass  beads  (0.5  mm);  b)  Solvaflex 
tubing  filled  with  small  pieces  of  PTFE  tubing  (0.5  mm);  c)  PTFE  tubing  filled  with  glass 
beads  (0.5  mm);  d)  PTFE  tubing  filled  with  small  pieces  of  PTFE  tubing  (0.5  mm);  e)  PTFE 
tubing  with  a  metal  helix  inserted;  f)  tightly  coiled  PTFE  tubing  (0.5  mm  i.d.);  g)  PTFE 
tubing  filled  with  a  single  string  of  glass  beads  (0.5  mm);  h)  magnetic  stirrer,  PTFE  tubing 
with  6  pieces  of  iron  wire. 
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In  the  second  example,  the  samples  are  assumed  to  contain  ethanol.  Also  in  this 
case  carrier  and  reagent  solutions  can  be  modified  to  conform  with  the  sample  matrix. 
For  both  types  of  samples,  undesired  phenomena  may  appear  when  a  spectrophotometric 
detector  is  used.  In  the  head  and  the  tail  zones  of  the  sample  plug,  the  variations  in 
refractive  index  will  cause  focusing  or  diverging  of  the  detector  light  beam.  As  a 
consequence,  artifact  peaks  will  be  produced  by  the  detector.  These  phenomena  are 
called  "matrix  effects"  among  today’s  practicing  FIA  analysts.  Such  effects  can  be  reduced 
by  carrier  and  reagent  matrix  modifications,  as  already  described,  but  to  some  extent  also 
by  improving  the  mixing  efficiency  of  the  FIA  system. 

Siifwerbrand-Lindh  et  al.  (4)  have  investigated  different  manifold  designs  in  an  effort 
to  optimize  the  mixing  of  ethanolic  reagents  and  aqueous  samples,  see  Fig.  3.17. 

A  combination  of  a  Soivaflex  tube  (a  type  of  pump  tube)  filled  with  PTFE  pieces 
(Fig.  3.17b)  and  a  tightly  coiled  PTFE  tube,  2  m,  i.d.  0.5  mm  (Fig.  3.1 7f),  was  found  to  yield 
a  satisfactory  mixing  in  this  case,  see  Table  3.2. 

TABLE  3.2 

The  effect  of  different  mixers  on  the  system  (4). 


Number 

Volume 

Ml 

Baseline 

noise,  mm 

Dispersion 

coefficient 

Description 

0 

70 

3.0 

The  system  without  mixer 

1 

30 

15 

3.3 

Fig.  3.17a 

2 

60 

6 

3.3 

Fig.  3.17b 

3 

40 

13 

3.2 

Fig.  3.17c 

4 

60 

12 

3.5 

Fig.  3.1 7d 

5 

60 

30 

3.5 

Fig.  3.1 7e 

6 

140 

10 

3.4 

Fig.  3.1 7g 

7 

20 

35 

— 

Fig.  3.1 7h 

8 

200 

5 

4.1 

Fig.  3.1 7f  length  1  m 

9 

400 

2 

5.1 

Fig.  3.1 7f  length  2  m 

10 

400 

2 

5.1 

Fig.  3.1 7f  2  coils,  1  m 
each,  wound  in  opposite 

directions 

11 

200 

— 

4.1 

Coil  not  tightly  wound, 

50  mm  diam.,  1  m  length 

12 

400 

12 

6.5 

Coil  not  tightly  wound, 

50  mm  diam.,  2  m  length 
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The  single  bead  stream  reactor  (s.b.s.r.)  was  described  as  early  as  1981  by  Reijn 
et  ai.  (5).  Dry  glass  beads  with  a  mean  diameter  of  0.4  mm  were  carefully  packed  in  a 
polyethylene  tube,  i.d.  0.6  mm,  using  a  pipette  and  a  funnel.  The  single  bead  string 
reactors  showed  less  dispersion  and  enhanced  micro-mixing  (5).  Several  other  studies 
have  confirmed  these  findings. 

An  alternative  to  the  filling  procedure  outlined  above  is  to  put  the  dry  glass  beads 
in  a  plastic  bag.  One  of  the  ends  of  the  tube  to  be  filled,  preferably  a  PTFE  tube,  is 
provided  with  a  'stopper"  of  some  water  permeable  foam  plastic  (certain  types  of  packing 
material  can  be  used).  The  other  open  end  is  then  allowed  to  "dig"  into  the  plastic  bag 
so  that  the  glass  beads  are  packed  into  the  tube  in  a  zigzag  pattern  (tube  i.d.  0.6  -  0.7  mm, 
glass  bead  i.d.  0.4  mm).  When  the  entire  tube  has  been  filled  the  open  end  is  sealed  with 
a  similar  foam  stopper.  Thick-walled  silicone  tube  pieces  can  then  be  used  as  sleeve 
connectors  at  each  end  of  the  filled  tube.  Fig.  3.18  shows  the  expected  result  of  this 
procedure. 


ENLARGED 


Fig.  3.18.  Pearl  string  reactor. 


Knitted  or  3-D  coils  have  been  suggested  and  tested  for  postcolumn 
chromatography  (6)  and  they  have  also  been  applied  in  FIA  (3).  Microline  tubes  are 
preferably  selected  for  this  purpose  since  this  tube  type  permits  knitting.  A  knitted  coil 
is  shown  in  Fig.  3.19. 


Fig.  3.19.  Knitted  coil  reactor. 


The  sample  dispersion  in  the  axial  direction  is  much  less  in  a  knitted  coil  compared 
to  that  in  a  straight  tube  of  the  same  length  and  inner  diameter.  Whether  the  mixing  ability 
is  simultaneously  improved  to  a  corresponding  degree  can  only  be  empirically  studied  for 
each  individual  application  as  was  done  for  a  number  of  other  manifold  configurations  (4). 


3.9  MANIFOLDS  FOR  DILUTION 

In  Chapter  2.7  factors  effecting  the  sample  dispersion  (i.e.  dilution)  were  discussed. 
The  controllable  dispersion  was  recognized  to  be  a  cornerstone  for  the  FIA  technique.  The 
influence  of  coil  length  and  diameter,  sample  volume  and  differential  flow  rate  was 
described  quantitatively  and  will  not  be  repeated  here  especially  since  the  conclusion  was 
that  the  degree  of  sample  dilution  could  not  be  varied  by  more  than  a  factor  of  10  using 
these  variables.  From  a  hardware  point  of  view  the  components  utilized  to  achieve  dilution 
are  the  common  standard  components:  mixing  coils,  injectors  with  variable  volumes  and 
pump  tubes.  These  components  have  already  been  described.  A  specific  component  that 
deserves  some  attention  here  is  the  mixing  chamber.  An  active  mixing  chamber  consists 
of  a  uniform  inlet  tube,  a  cylindrical  cavity  accommodating  a  magnetic  stirring  bar,  and  a 
uniform  outlet  tube.  A  passive  mixing  chamber  is  designed  similarly  but  lacks  in-line 
moving  parts.  However,  it  may  contain  a  static  mixer  such  as  a  PTFE  spiral  or  flake  placed 
in  the  extended  flow  path.  The  volume  of  the  cavity  influences  the  degree  of  dilution. 
Since  the  sample  is  extensively  dispersed  in  the  axial  direction  the  sampling  frequency  will 
be  reduced  correspondingly.  It  is  therefore  advisable  to  combine  the  implementation  of 
a  mixing  chamber  with  the  zone  sampling  technique  using  a  two-channel  injector. 
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Sampie  splitting  and  dialysis  can  also  be  utilized  in  order  to  dilute  a  sample.  Table 
3.3  gives  a  rough  overview  of  the  different  dilution  techniques. 

TABLE  3.3 

Dilution  degrees  (expressed  in  terms  of  dispersion  coefficient)  achieved  by  different 
techniques  and  manifold  configuration  where  -  means  probable  and  .  means  possible. 


Manifold/  Dispersion  coefficient,  D 

technique  1  10  100  1  000  10  000 


Variation  of 

-  sample  volume 

-  coil  length 

-  coil  diameter 

-  C/R  ratio 
Mixing  chamber 
Zone  sampling 
Sample  splitting 
Zone  sampling 

and  sample  splitting 
Dialysis 


The  normal  working  range  for  each  manifoid/technique  is  denoted  by  the  total  set 
of  .  and  -  signs.  Within  each  range  variation  of  D  may  often  be  accomplished  in  a 
convenient  way.  For  example,  variation  of  sample  volume  is  in  most  cases  made  by  an 
exchange  of  loops  with  different  volumes.  A  change  of  the  sample  volume  from  200  mI  to 
40  ti\  gives  rise  to  about  a  threefold  increase  of  D.  This  range  is  denoted  by  —  in  Table 
3.3.  The  relative  position  of  the  —  range  within  the  total  range  depends  on  the  choice  of 
other  manifold  parameters  such  as  coil  geometry,  flow  ratio  and  flow  configuration.  All 
these  parameters  are  interrelated  with  respect  to  their  ability  to  influence  the  D  value. 
With  the  zone  sampling  technique  variation  of  D  is  easily  accomplished  by  letting  different 
times  elapse  between  the  two  injections.  Thus,  a  large  variation  of  D  can  be  performed 
without  making  any  hardware  modifications.  The  situation  is  quite  the  opposite  for  the 
mixing  chamber  technique.  For  a  given  mixing  chamber  design,  a  change  of  D  can  only 
be  performed  through  variation  of  other  parameters  such  as  sample  volume  and 
carrier/reagent  flow  ratio.  However,  with  a  set  of  different  mixing  chambers  having 
different  volumes,  manipulation  of  the  D  value  is  possible  using  this  parameter  only. 
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3.10  MANIFOLDS  FOR  GAS  DIFFUSION 


A  gas  diffusion  cell  is  used  in  an  FIA  system  to  transfer  a  gaseous  compound  from 
one  stream  to  another  stream.  The  two  streams  are  separated  by  a  gas  permeable 
membrane.  Fig.  3.20  shows  a  common  gas  diffusion  cell  design. 
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Fig.  3.20.  Depiction  of  a  gas  diffusion  cell. 


Usually,  the  gaseous  compound  is  either  formed  in  the  FIA  system  due  to  an 
induced  chemical  reaction  or  is  present  as  the  analyte  of  interest.  The  membrane  is 
generally  made  of  PTFE.  Originally,  plumber’s  tape  was  used  but  today  porous  PTFE 
membranes  with  a  defined  and  uniform  porosity  are  utilized.  Very  few  fundamental  studies 
of  cell  designs  and  membrane  properties  have  been  published.  Cells  with  circular 
channels  separated  by  circular  membranes  have  been  adapted  by  some  FIA  manufacturers 
(FIAtron,  Tecator’s  Aquatec). 

The  lifetime  of  the  membrane  is  largely  dependent  on  the  nature  of  the  samples. 
Rain  water  samples  do  not  affect  the  membrane  at  all  and  may  permit  daily  analysis  during 
several  months  without  changing  the  membrane,  while  for  soil  samples  it  may  be 
necessary  to  change  the  membrane  every  day.  In  addition,  sharp  edges  on  the  engraved 
channels  may  damage  the  membrane  during  the  mounting  procedure.  The  membrane 
thickness,  is  in  most  cases,  less  than  0.5  mm.  The  membrane  must  not  be  excessively 
stretched  when  it  is  mounted  since  such  handling  will  alter  the  diffusion  properties  and 
shorten  the  lifetime. 
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3.11  MANIFOLDS  FOR  DIALYSIS 

Dialysis  is  an  important  sample  pretreatment  step  whereby  particles  and  large 
molecules  in  the  sample  can  be  removed.  The  sample  is  injected  into  a  carrier  stream 
which  passes  along  a  dialysis  membrane.  At  the  other  side  of  the  membrane  a  recipient 
stream  (distilled  water  or  a  reagent)  takes  up  the  constituents  passing  through  the 
membrane.  The  membrane  is  placed  in  a  cell  working  on  the  same  principle  as  the  gas 
diffusion  cell.  In  fact,  many  gas  diffusion  cells  can  be  used  for  dialysis  if  a  dialysis 
membrane  is  used  instead  of  the  porous  PTFE  tape.  However,  dialysis  membranes  do  not 
possess  the  same  sealing  properties  as  the  PTFE  tape  so  leakages  may  appear.  Rubber 
plates  with  engraved  channels  have  therefore  been  used  in  the  design  of  a  dialysis  unit, 
Fig.  3.21. 
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Fig.  3.21 .  Depiction  of  a  dialysis  manifold. 
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Only  a  fraction  of  the  analyte  penetrates  the  dialysis  membrane  and  enters  the 
recipient  stream.  The  excess  is  expelled  to  waste.  A  substantial  dilution  of  the  originally 
injected  analyte  occurs.  If  the  sample  contains  large  molecules,  colloid  particles,  and  solid 
matter,  the  dialysis  membrane  acts  as  an  efficient  filter.  The  dialysis  membranes  must  be 
soaked  before  they  are  installed.  Most  manufacturers  supply  presoaked  membranes 
packed  in  closed  plastic  envelopes.  The  membranes  are  provided  with  a  stiff  frame  so  that 
the  mounting  can  be  performed  safely.  The  molecular  cutoff  is  usually  1 0,000  Daltons  for 
standard  dialysis  membranes. 


3.12  MANIFOLDS  FOR  UQUID-LIQUID  EXTRACTION 

In  a  liquid-liquid  extraction  process,  the  sample  constituents  to  be  detected  are 
transferred  from  their  original  matrix  to  an  entirely  new  and  different  matrix.  The  merits, 
theory  and  applications  of  such  a  matrix  modification  are  discussed  in  Chapter  6.1. 

When  the  classical  liquid-liquid  extraction  principle  first  was  applied  and  adapted  to 
FIA  a  rather  complex  design  resulted  (7),  Fig.  3.22. 


Fig.  3.22.  Early  extraction  manifold  design.  Aq  =  aqueous  phase,  Org  =  organic  phase, 
S  =  sample,  DET  =  detector,  W  =  waste.  Only  a  fraction  of  the  organic  phase  is  passing 
through  the  flow  cell. 
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The  sample  was  injected  in  an  aqueous  carrier  which  was  segmented  with 
chloroform.  The  extraction  took  place  in  a  PTFE  coil.  After  phase  separation  a  fraction 
of  the  organic  phase  was  led  through  the  flow  cell  in  the  spectrophotometer. 

Four  main  hardware  problems  were  recognized,  namely  the  delivery  of  organic 
solvent  to  the  system,  solvent  segmentation,  selection  of  extraction  coil  material  and 
dimensions,  and,  finally,  separation  of  the  two  immiscible  phases. 

The  pumping  of  organic  solvent  required  special  pump  tubes,  Acidflex  tubes.  Since 
no  lubrication  was  performed  (according  to  the  recommendation  in  3.5),  friction  heat 
developed  and  vapor  segments  appeared  in  the  organic  stream.  To  prevent  formation  of 
solvent  vapor  the  organic  stream  was  chilled  in  an  ice  bath.  Soon  it  was  discovered  that 
the  ice  bath  could  be  omitted  completely  if  the  pressure  inside  the  system  was  increased. 
This  was  done  through  the  implementation  of  a  restriction  coil  at  the  waste 
outlet.  Today,  the  displacement  bottle  technique,  described  in  detail  in  3.5,  is  almost 
exclusively  applied  for  delivery  of  organic  solvents  immiscible  with  water. 

The  original  segmentor  (7)  was  made  of  a  glass/steel  fitting  (Technicon  A4) 
comprising  one  glass  capillary  inlet  for  the  aqueous  phase  and  one  glass  tube  outlet  for 
the  segmented  stream.  The  outlet  tube  was  furnished  with  two  inserted  PTFE  tubes  so 
that  its  volume  and  its  glass  surface  area  could  be  varied  just  by  displacing  the  PTFE 
tubes  longitudinally.  In  this  way  the  phase  segment  sizes  could  be  changed  conveniently. 
The  requirement  of  a  good  segmentor  is  that  it  should  produce  even  segments  of 
alternating  organic  and  aqueous  phases  and  that  the  size  of  the  segments  can  be  varied 
in  a  controllable  way.  For  some  applications  standard  T-fittings  of  PTFE  or  polypropylene 
can  be  used  as  segmentors.  An  advantage  with  these  molded  fittings  is  that  the  bores  are 
smooth.  Machined  fittings  often  contain  small  particles  of  material  remaining  which  may 
give  rise  to  a  disorganized  segmentation  pattern.  A  disadvantage  with  these  standard 
fittings  is  that  the  segment  size  cannot  be  varied. 

Kawase  (8)  has  studied  different  segmentor  angles,  i.e.  different  angles  between  the 
ingoing  organic  and  aqueous  streams  and  the  outgoing  segmented  streams.  No 
significant  difference  could  be  observed  for  the  investigated  configurations,  namely  T 
(90"),  Y  (30")  and  W  (45").  As  a  general  rule  the  cavity  size  within  the  segmentor 
influences  the  segment  size  while  the  bore  smoothness  together  with  pump  pulsation 
influence  the  segment  regularity. 

The  most  frequently  used  extraction  coil  material  is  PTFE  with  an  inner  diameter 
of  0.5  -  0.8  mm.  It  is  of  great  importance  that  the  phase  which  is  carrying  the  analyte 
originally  (in  most  cases  water)  does  not  form  a  film  in  the  extraction  coil.  The  reason  for 
this  rule  of  thumb  is  that  the  analyte  constituent(s)  in  the  injected  sample  then  will  be 
subjected  to  undesirable  dispersion,  a  phenomenon  which  is  discussed  in  detail  in  Chapter 
6.1. 
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The  component  used  to  separate  the  two  phases  constituting  the  segmented  stream 
is  a  critical  component.  Consequently,  a  variety  of  separators  has  been  developed  and 
described  in  the  literature.  Phase  separators  can  be  divided  into  three  main  groups: 
density  separators,  two-material  separators  and  membrane  separators. 

The  density  separator  consists  of  a  chamber  in  which  the  two  phases  are  allowed 
to  settle  and  separate.  The  desired  phase  is  removed  either  at  the  top  or  at  the  bottom. 

The  two-material  separator  contains,  as  the  name  indicates,  two  different  materials 
which  have  different  affinity  to  the  two  phases.  Glass-PTFE  is  a  common  combination.  A 
strip  of  PTFE  is  inserted  in  a  glass  T-fitting  so  that  this  material  is  present  in  two  of  three 
outlets/inlets.  The  T  is  then  turned  so  that  the  segments  of  the  phase  possessing  the 
strongest  affinity  to  the  PTFE  material  are  guided  downwards  when  this  phase  is  the 
heaviest  one  of  the  two,  and  upwards  in  the  reverse  density  case. 

The  most  versatile  separator  type  is  the  membrane  separator  which  frequently 
utilizes  a  PTFE  porous  membrane,  see  Fig.  3.23. 
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Fig.  3.23.  Membrane  separator  for  extraction. 

The  Figure  shows  the  principle  of  a  grooved  membrane  separator  as  it  was 
designed  originally  (9).  The  dimensions  of  the  grooves  were  35  x  2  x  0.3  mm  (length, 
width,  depth).  Cylindrical  membrane  separators  have  also  been  suggested  (10). 

The  most  important  properties  that  should  be  considered  for  a  separator  used  in 
an  FIA  system  are  its  separation  efficiency  and  its  influence  on  sample  dispersion.  The 
separation  efficiency  should  be  close  to  100%  but  it  might  be  equally  important  that  0%  of 
the  undesired  phase  is  allowed  to  be  present  in  the  collected  fraction.  If  a 
spectrophotometer  is  used  as  a  detector  small  water  droplets  in  the  collected  organic 
phase  may  accumulate  in  the  glass  flow  cell  giving  rise  to  drift  and  irreproducible  results. 
Sample  dispersion  inevitably  results  if  the  "dead  volume"  of  the  separator  is  too  large. 
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The  complex  flow  pattern  of  FIA  based  extraction  systems  has  definitely  frightened 
many  potential  users  of  this  technique  for  routine  purposes.  Consequently,  a  more 
user-friendly  module  has  been  designed  (11).  Its  principle  is  shown  is  Fig.  3.24. 


C:  carrier 
R:  reagent 
O:  organic  phase 
W:  waste 
Inj:  injector 
D:  detector 


1:  mixing  conduit,  aqueous  phase 
2:  segmentor 
3:  extraction  coil 
4:  separator,  ’’donor’  half 
5:  membrane 
6:  grid 

7:  separator;  ’’recipient”  half 
8:  separator  steel  cap 
9:  rinsing  stopper 
10:  shutoff  valve,  rinse  system 
11:  PVDF  plate 
12:  rubber  gasket 


Fig.  3.24.  Exploded  view  of  an  extraction  module  based  on  integrated  conduits. 

The  mixing  tee  for  C  and  R,  the  mixing  coil  and  the  segmentor  are  engraved  in  a 
PVDF  body,  12x9x2  cm3.  The  engraved  channels  are  sealed  with  a  sheet  of  inert  rubber. 
The  extraction  coil  (2  m;  0.5  mm  i.d.)  is  detachable.  The  segmented  stream  enters  the 
lower  separator  half  (4  in  Fig.  3.24)  via  a  vertically  drilled  hole  and  hits  the  circular 
membrane  at  a  90°  angle.  A  large  fraction  of  the  organic  phase  penetrates  the  membrane 
immediately  while  the  aqueous  phase  is  repelled.  The  remaining  fraction  of  the  organic 
phase  penetrates  the  membrane  as  it  flows  through  the  circular  groove  providing  for  an 
efficient  phase  separation.  A  porous  PTFE  membrane  with  a  porosity  of  1  m,  is  supported 
by  a  PTFE-coated  steel  grid.  The  acceptor  chamber  for  the  organic  phase  is  underneath 
the  upper  separator  half  (7  in  Fig.  3.24.) 
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During  start-up  and  shut  down  of  the  system  water  droplets  may  accidently  enter 
the  flow  cell  so  that  an  aqueous  film  is  formed  giving  rise  to  continuously  increasing  or 
unstable  baseline  values.  A  rinsing  procedure  can  then  be  applied,  see  Fig.  3.25. 


Fig.  3.25.  Functioning  of  the  rinsing  system:  (A)  system  in  run  mode;  (B)  system  in  rinse 
mode.  The  detector  flow  cell  and  the  separator  are  rinsed  with  ethanol  provided  from  a 
syringe.  DET  =  detector,  W  =  waste. 


A  commercial  extraction  module  has  been  developed  (Tecator  5106  Extraction 
Module)  based  on  the  published  application  and  design  data  (11). 

For  coarse  liquid-liquid  extractions  of  concentrated  samples  a  simplified  extraction 
system  can  be  used  (12),  see  Fig.  3.26. 

AQUEOUS  PHASE  PLATE 

PTFE  GASKET 

MEMBRANE 
MEMBRANE  SUPPORT 

ORGANIC  PHASE  PLATE 

F  ^ 


DB 

Fig.  3.26.  Flow  scheme  of  an  unsegmented  extraction  system.  Streams:  C  =  carrier, 
R  =  reagent,  Aq  =  water  fed  to  displacement  bottle  (DB),  Org  =  organic  phase. 

S  =  sample,  W  =  waste,  DET  =  detector. 
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No  segmentation  takes  place.  The  aqueous  and  the  organic  streams  contact  each 
other  in  the  extraction  ceil.  The  dimensions  of  the  organic  groove  is  40  x  2  x  0.8  mm 
(length,  width,  depth).  This  groove  is  filled  with  porous  polyethylene  to  prevent  collapsing 
of  the  membrane.  The  PTFE  gasket  on  the  aqueous  side  serves  the  same  purpose.  The 
design  of  this  unsegmented  extraction  system  is  analogous  to  gas  diffusion  and  dialysis 
systems.  It  is  noteworthy  that  the  extraction  efficiency  is  comparable  to  typical  gas 
diffusion  or  dialysis  efficiency  values,  8  - 18  %. 


3.13  COLUMN  REACTORS 

Many  FIA  applications  are  based  on  chemical  interactions  and  reactions  between 
the  analyte  in  the  liquid  sample  and  a  solid  material.  The  analyte  is  converted  to  a 
species  which  can  be  detected  more  conveniently  than  the  analyte  itself.  In  other 
situations,  interfering  substances  in  the  sample  are  converted  or  trapped  on  a  stationary 
solid  material  in  the  flow  path.  The  selectivity  of  the  method  is  thereby  enhanced.  To 
accomplish  this,  reactors  are  provided  with  the  solid  material  in  question  and  implemented 
in  the  FIA  system.  In  Chapter  6.4  the  different  selectivity  enhancement  and  matrix 
modification  techniques  are  described  more  thoroughly.  In  this  section,  only  the  hardware 
and  the  preparation  of  the  materials  are  reviewed.  The  single  bead  stream  reactor 
(s.b.s.r.)  already  described  in  Chapter  3.8  fulfills  quite  a  different  task,  namely  to  promote 
physical  mixing.  Thus,  the  purpose  with  the  s.b.s.r.  is  fundamentally  different  since  no 
chemical  reaction  is  involved.  However,  from  a  hardware  point  of  view  this  type  of  reactor 
is  very  similar  to  the  chemical  reactors. 

The  hardware  needed  to  accommodate  the  solid  material  to  be  used  for  the 
chemical  reaction  in  the  flowing  system  can  be  extremely  simple.  A  piece  of  pump  tube 
provided  with  glass  wool  stoppers  is,  in  many  situations,  quite  sufficient.  Instead  of 
glasswool,  cigarette  filter  material  or  nylon  screen  can  be  used.  More  mechanically 
reliable  designs  involve  tubes  made  of  plexiglass  or  solid  PVC.  Typical  dimensions  are 
1  -  10  cm  in  length  and  1-4  mm  in  inner  diameter  depending  on  the  capacity 
requirements  set  by  the  chemistry  involved. 

Some  examples  of  column  reactors  and  their  intended  use  are  given  in  Table  3.4. 


59 


TABLE  3.4 

Some  different  types  of  column  reactors. 


Reactor  type 

Filling  material 

Intended  use 

Glass  bead  reactors 

Glass  beads 

To  promote  physical  mixing 

Redox 

Cadmium  reductors 

Jones  reductor 

Cadmium  granules 
Amalgamated  zinc 

Analyte  reduction 

Ion  exchange 

Anion 

Ion  exchange  resin 

Analyte  conversion 

Cation 

Chelating  resins 
Alumina,  Silica 

Matrix  conversion 

Preconcentration, 
removal  of  interfering 

substances 

Adsorption 

C1S  silica 

Matrix  conversion 

Preconcentration 

Enzyme  reactors 

Immobilized 

enzymes  on  column 

material  or  on  CPG 

(Controlled  Pore 

Glass) 

Analyte  conversion 
Removal  of  interfering 

substances 

The  different  types  of  column  reactors  applications  are  dealt  with  further  in  Chapter  6.4. 


3.14  OTHER  COMPONENTS 

It  is  obvious  that  components  other  than  those  already  described  in  this  chapter 
can  be  used  when  designing  an  FIA  system.  In  this  section  some  selected  components 
will  be  treated. 

Automated  sample  introduction  from  a  sampler  is  offered  by  almost  all  FIA 
manufacturers.  The  samplers  are  of  the  same  type  as  those  normally  used  for 
air-segmented  systems  and  for  flame  atomic  absorption  spectrophotometers.  The  liquid 
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samples  are  transferred  into  individual  vessels  which  are  placed  either  in  a  circular 
turntable  or  in  a  square-shaped  rack.  The  sampling  time  is  predefined  so  that  the  injection 
loop  becomes  completely  filled.  The  wash  time,  i.e.  the  time  during  which  the  sampling 
probe  either  resides  in  a  wash  bath  or  is  aspirating  air  Is  also  predetermined.  The  sum 
of  the  sampling  time  and  the  wash  time  constitutes  the  cycle  time.  The  sampling 
frequency  is  easily  obtained  by  dividing  3600  by  the  cycle  time  expressed  in  seconds. 
Advanced  samplers  can  be  programmed  to  pick  up  samples  in  any  given  order  and  as 
many  times  as  desired  (random  access  samplers).  The  most  commonly  used  samplers 
for  FIA  work  through  the  samples  position  by  position  on  the  turntable.  Carryover  is 
usually  a  minor  problem  for  most  sampler  types.  A  wash  solution  can  be  aspirated  in 
between  the  aspiration  of  different  samples.  Often  aspiration  of  air  during  the  wash  cycle 
is  quite  sufficient.  If  sample  volume  is  a  concern  when  multiple  analyses  are  performed, 
the  pump  aspirating  the  sample  should  be  programmed  to  be  stopped  during  the  analysis 
time.  Recorders  and  computers  are  usually  connected  to  the  detector  and  will 
consequently  be  described  in  Chapter  4.  However,  pumps  and  injection  valve  units  which 
are  very  essential,  stand-alone  FIA  modules  are  sometimes  furnished  with  an  RS  232 
interface  to  allow  remote  control  from  a  computer.  This  configuration  might  be  beneficial 
for  applications  for  which  complicated  start/stop  and  inject/fill  time  cycles  have  to  be 
defined.  In  commercial  FIA  instrumentation  pumps  and  injectors  are  usually  operated  via 
a  microprocessor  in  the  main  unit  to  allow  convenient  programming  of  the  different  event 
steps  in  the  analytical  cycle.  Of  course,  the  main  FIA  unit  may,  in  turn,  be  operated  from 
an  external  computer.  Recorders  are  exclusively  connected  to  the  detector. 

In-line  filters  are  useful  components  for  sample  treatment.  Even  if  the  aspiration 
tube  of  the  injector  is  a  narrow  bore  conduit  (i.d.  typically  0.5  mm)  and  consequently  acts 
as  a  sort  of  filter,  some  sample  types  require  implementation  of  an  in-line  filter  in  the 
sample  inlet  stream.  The  disadvantage  with  this  arrangement  is  that  underpressure  may 
result  when  the  aspiration  flow  rate  is  too  high.  This  may  give  rise  to  air  bubbles  in  the 
stream. 

Temperature  control  is  accomplished  by  accomodating  the  entire  manifold  including 
the  detector  in  an  air-thermostatted  compartment  or  by  immersion  into  a  thermostatted 
water  bath  (the  detector  may  not  be  submersible!).  The  objective  in  both  cases  is  to 
maintain  a  constant  temperature  (often  slightly  above  room  temperature).  But  there  are 
several  applications  for  which  it  is  necessary  to  provide  a  large  amount  of  heat  in  order 
to  speed  up  the  chemical  reactions.  Also  in  this  case,  water  thermostats  can  be  used. 
A  more  elegant  way  is  to  use  an  aluminum  block  with  grooves  for  the  PTFE  reaction  coil. 
The  aluminum  block  is  then  heated  electrically  and  kept  at  a  constant  temperature. 
Commercial  temperature  control  units  for  FIA  are  available  from  several  FIA 
manufacturers.  At  high  temperatures  it  is  necessary  to  add  a  restriction  coil  after  the  flow 
cell  to  prevent  formation  of  gas  bubbles.  Alternatively,  a  piece  of  porous  PTFE  tubing  can 
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be  inserted  in  the  flow  path.  The  life-time  of  this  type  of  PTFE  tube  is,  unfortunately, 
rather  limited  when  real-world  samples  are  injected  into  the  FIA  system.  Modified 
debubblers  of  Technicon  type  can  probably  also  be  considered.  The  original  Technicon 
debubblers  cannot  be  used  since  dimensions  and  material  (glass)  are  not  suitable  for  FIA 
purposes. 


3.15  COMMERCIALLY  AVAILABLE  FLOW  INJECTION  ANALYZERS 
Tecator  FlAstar  5020  System 

This  system  is  modular.  The  central  unit  is  equipped  with  two  independently 
programmable  four-channel  pumps.  The  manifolds  (Chemifolds)  are  easily 
interchangeable  as  are  the  injection  valves  (one  channel  and  two  channel  valves,  variable 
volume).  Programming  of  pumps  and  injector  and  setting  of  parameters  are  made  by 
thumbwheels  and  via  a  keyboard.  The  microprocessor  in  the  central  unit  allows  automatic 
calculation,  recalibration  and  digital  presentation  of  results.  Five  evaluation  modes  exist: 
peak  height,  peak  area,  peak  width,  peak-to-peak  (for  stopped-flow  applications)  and 
signal  evaluation  at  a  preset  time  after  injection.  Stopped-flow  and  intermittent  pumping 
applications  can  be  adapted. 

The  5032  Detector  System  has  a  separate  optical  unit  which  is  placed  inside  the 
central  unit  and  a  detector  controller  unit.  The  optical  unit  is  either  a  dual  beam 
spectrophotometer  (400  -  700  nm)  or  a  single  beam  photometer  (with  filters  in  the  range 
360  -  880  nm).  The  detector  controller  has  a  built  in  4-color  printer/plotter  which  plots 
absorption  spectra  and  analytical  data.  The  5017  Sampler  (Hook  &  Tucker,  Great  Britain) 
has  a  circular  tray  accommodating  40  sample  cups,  2.5,  4.0  or  8.5  ml.  The  sampler  is 
activated  from  the  central  unit  (and  not  vice  versa). 

The  central  unit  accepts  any  detector  signals  in  the  range  ±  1000  mV  but  requires 
that  at  least  one  peak  has  a  deflection  of  minimum  15  mV  to  guarantee  result  evaluation. 

Several  manifold  designs  are  available  including  gas  diffusion,  dialysis, 
thermostatting  and  solvent  extraction.  A  filtering  and  degassing  unit  is  included  in  the 
central  unit. 

Tecator  FlAstar  5010  System 

This  system  has  a  different  central  unit  than  the  FlAstar  5020  System  but  uses  the 
same  modular  units  as  described  above.  In  a  stand-alone  operation  the  5010  Analyzer 
(central  unit),  the  injection  and  wash  cycle  times  can  be  specified  via  touch  buttons.  Also 
the  total  number  of  samples  in  a  batch  can  be  set. 
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With  a  compatible  PC  the  SuperFlow  Software  takes  care  of  calibrations, 
concentration  evaluation  and  result  reporting.  Real-time  monitoring  is  also  possible. 
Stopped-fiow  and  intermittent  pumping  applications  can  be  designed. 

Tecator  Aquatec  System 

This  system  is  specifically  designed  for  ammonia,  nitrite,  nitrate,  phosphate  and 
chloride  analyses  in  water.  It  can  be  operated  either  fully  automated  or  by  manual 
injections  from  a  "pipette".  The  basic  configuration  of  the  Aquatec  System  comprises  an 
"analyzer"  and  a  "controller".  In  the  analyzer  the  samples  are  mixed  with  reagents  in 
conduits  engraved  in  rubber  plates.  The  absorbance  is  measured  in  an  integrated  optical 
unit.  Aquatec  incorporates  a  microprocessor  to  take  care  of  data  management,  evaluation 
and  communications.  The  programs  are  self-instructive.  A  total  of  15  calibration  curves 
can  be  stored  in  the  memory  for  different  methods  and  ranges.  Each  curve  can  contain 
up  to  10  standards.  Each  method  has  its  own,  dedicated  cassette  which  contains 
manifold,  pre-installed  pump  tubes  and  reagent  bottles. 

FlAtron  laboratory  equipment 

A  large  variety  of  modules  is  available.  The  FIA-VALVE  2000  is  an  eight  port  rotary 
sample  injection  valve.  The  valve  is  designed  for  low  pressure  (up  to  30  psi)  applications; 
al!  wetted  surfaces  are  made  of  PTFE.  it  has  its  own  keyboard  for  programming  of 
different  functions.  The  FIA-VALVE  2500  is  an  eight  port  selector  valve  and  designed 
similarly. 

The  FIA-ZYME  Analyzer  Modules  combine  immobilized  enzyme  technology  with  a 
linear  electrochemical  sensor.  All  analysis  and  control  parameters  are  programmable  from 
the  front  panel  or  remotely  via  the  RS-232  serial  I/O  port.  Methods  for  glucose,  fructose, 
sucrose,  lactose,  starch,  ethanol  and  L-lactate  are  available. 

The  FIA-TRODE  Analyzer  Modules  have  been  designed  for  potentiometric  detection. 
Modules  are  available  for  pH,  gas  sensing  probes  (NH3,  C02,  N02,  S02  from  HNU,  USA) 
and  ion-selective  electrodes  (from  Orion  and  HNU,  USA). 

The  FIA-LITE  Analyzer  Module  is  a  colorimetric  detector  and  the  FIA-DUCT  Analyzer 
Module  is  a  conductivity  detector. 

The  SC-110  Sample  Changer  has  a  capacity  of  114  samples  (ISCO,  USA).  The 
samples  are  placed  in  racks. 
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The  FIAtron  Process  Row  Injection  Analyzer 

This  analyzer  is  customized  for  individual  process  control  applications.  It  has 
gas-driven  pumps  and  a  sample  handling  system  with  a  bypass  filter.  Standards  and 
sample  are  distributed  to  the  injection  valve  via  selector  valve.  Detection  principles  are 
UV/visible  spectrophotometry,  potentiometry  (ion  selective  electrodes)  or  fluorimetry.  The 
sample  flow  rate  is  in  the  range  2  -  200  ml/min  and  the  sample  consumption  5-50 
Ml/analysis.  Sampling  frequency  is  typically  60  analyses/hour.  The  analyzer  is  relatively 
large,  1.8  m  x  0.6  m  x  0.4  m  (HWD),  in  comparison  with  common  laboratory  flow  injection 
analyzers. 

The  La  chat  QuikChem  System  IV 

This  modular  system  consists  of  the  following  units:  a  rack  sampler  (ISCO,  USA; 
previously  a  circular  sampler,  Hook  &  Tucker,  Great  Britain)  a  peristaltic  pump  (Ismatec, 
Switzerland),  a  central  unit  housing  reaction  modules,  i.e.  coils  and  mixing  tees,  holders 
for  ion  selective  electrodes,  optical  units  (UV  and/or  visible),  two  injection  valves 
(Hamilton,  Switzerland;  previously  Rheodyne,  USA),  a  multichannel  detector  controller  for 
the  optical  units,  a  recorder  and  a  data  station.  Many  of  the  modules  are  optional.  The 
system  can  be  composed  to  run  up  to  four  analytes  simultaneously.  Automated  sample 
preparation  steps  such  as  dilution,  concentration  and  clean-up  can  be  performed.  Typical 
start  up  and  method  switching  times  are  maximum  5  and  15  minutes,  respectively.  The 
real-time  report  generates  uncorrected  raw  data  and  concentration  units.  Formatted 
printout  with  user-specified  enhancements  can  be  obtained  off-line. 

The  CEC  MuftiRow  Row  Injection  Analyzer 

This  analyzer  has  an  integrated  sample  tray  with  a  capacity  of  150  cups,  4.0  ml. 
The  pumping  system  is  based  on  gas  displacement  and  the  flow  rate  range  is  0.5  -  5 
ml/min.  The  reagent  capacity  is  300  -  900  ml.  The  analyzer  can  be  connected  to  any  flow 
through  detector,  for  example  electrochemical,  UV/visible,  ion  selective  electrode  and 
fluorimetric  detectors.  Furthermore,  it  can  be  combined  with  atomic  spectroscopy 
detectors  such  as  ICP  and  AAS.  The  injection  valve  is  based  on  the  hydrodynamic 
injection  principle.  Sample  treatment  steps  like  dilution,  reagent  addition,  extraction, 
heating,  cooling,  separation  and  ion  exchange  can  be  implemented.  The  4200  Integrator 
(Spectra-Physics,  USA)  is  used  with  a  software  package  enabling  simultaneous  acquisition 
of  two  channels,  automatic  calibration,  result  evaluation  and  reporting  and  drift 
compensating. 
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ChemKab  Row  Injection  Analyzer 

This  instrument  contains  the  following  in  one  compact  unit:  a  five-channel 
peristaltic  pump,  a  PTFE  injection  valve,  an  enclosed  chemistry  compartment,  a  variable 
temperature  heating  bath,  a  simple  dual  fiber-optic  colorimeter,  a  quartz-halogen  light 
source  and  an  output  to  recorder  or  microprocessor.  The  basic  system  comprises  the 
analyzer  and  a  recorder.  Samples  are  injected  manually  and  results  are  read  from  the 
recorder  trace  after  interpolation  from  a  calibration  curve. 

For  automatic  peak  height  analysis  the  analyzer  may  be  linked  to  a  BBC 
microprocessor.  An  80-place  automatic  sampler  can  also  be  connected  as  an  option. 
Two  or  more  analyzers  can  be  linked  together  to  provide  a  multi-channel  system. 

Headquarter  addresses 

Tecator  AB,  Box  70,  S-263  21  Hoganas,  Sweden 

FIAtron  Laboratory  Systems,  Inc.,  510  S.  Worthington  St.,  Oconomowoc,  Wl  53066,  USA 
Lachat  Chemicals,  Inc.,  10500  N.  Port  Washington  Road,  Mequon,  Wl  53092,  USA 
Control  Equipment  Corporation,  P.  O.  Box  2154,  Lowell,  MA  01851,  USA 
ChemLab  Instruments  Ltd.,  Hornminster  House,  129  Upminster  Road,  Hornchurch,  Essex 
RM11  3XJ,  Great  Britain 
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CHAPTER  4 


DETECTORS  IN  FIA 


4.1  INTRODUCTION 

At  first  glance  it  would  appear  that  the  detector  requirements  commonly  cited  for 
HPLC  are  the  same  for  FIA.  However,  this  is  not  true  for  all  detectors.  It  is  the  goal  of 
this  chapter  to  present  the  similarities  and  differences  between  HPLC  and  FIA  detector 
requirements.  To  this  end  it  should  be  realized  that  the  purpose  of  HPLC  is  to  separate 
and  detect  individual  components  of  a  sample,  while  FIA  usually  is  used  to  perform 
chemistry  on  only  one  constituent  and  detect  that  analytical  species.  In  both  cases  the 
function  of  the  detector  is  the  same,  measurement  of  the  signal  produced  by  the  analyte 
or  analyte/reagent  product.  The  parameters  discussed  include  the  physical  detector 
configuration  and  the  readout/software  techniques  currently  employed.  The  question  as 
to  whether  peak  height  or  peak  area  is  the  best  measurement  of  an  FIA  signal  is  also 
discussed.  Finally,  the  more  commonly  used  detectors  for  FIA  will  be  described  in  detail. 


4.2  DETECTOR  REQUIREMENTS  FOR  FIA  IN  COMPARISON  WITH  HPLC 

Present  day  HPLC  detectors  are  on-stream,  continuous  flow  monitors  which 
measure  some  physical  property,  e.g.,  light  absorption,  voltage,  and  photon  flux.  In  the 
past,  HPLC  systems  employed  low  flow  rates  with  sample  sizes  of  10-100  /xl.  Recent 
advances  in  HPLC  have  resulted  in  flow  rates  of  1  -  4  ml/min  and  small  sample  volumes 
of  1  -  5  /xl*  FIA  usually  utilizes  similar  total  flow  rates  of  1  -  3  ml/min.  Injected  sample 
volumes  are  usually  larger,  20  -  200  /xl.  However,  some  FIA  detectors  and  methods  can 
utilize  larger  samples  and/or  flow  rates  to  produce  increased  signals.  In  an  HPLC  system 
each  injected  sample  is  significantly  diluted  during  the  process  of  separation  of  its 
different  constituents.  Consequently,  HPLC  detectors  have  been  designed  to  be  extremely 
sensitive.  In  an  FIA  system  sample  dilution  is  controllable  and,  therefore,  the  manifolds 
are  designed  to  be  the  main  contributors  to  the  dilution  of  the  sample.  In  conclusion, 
detector  requirements  for  FIA  are  more  relaxed  in  comparison  to  HPLC. 

For  HPLC  it  is  very  important  to  have  well  designed  flow  cells  in  which  the 
separated  bands  remain  resolved  and  no  additional  band  broadening  occurs.  Cell 
volumes,  formerly  in  the  18  -  75  /xl  range,  are  now  more  commonly  8  /xl  or  smaller.  The 
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term  ceil  efficiency  is  used  to  define  the  ability  of  the  detector  cell  to  maintain  the  eluted 
sample  components  as  sharp,  separate  bands  with  the  cell  contributing  no  additional 
dilution.  This  dilution  would  produce  band  broadening,  peak  height  reduction,  peak 
overlap,  and/or  peak  tailing  which  ail  leads  to  a  loss  of  resolution. 

Band  broadening  will  occur  because,  due  to  longitudinal  diffusion,  the  same  amount 
of  solute  will  occupy  a  larger  mobile  phase  volume,  thus  increasing  the  peak  width.  In 
HPLC  band  broadening  must  be  minimized.  Does  it  have  to  be  minimized  in  FIA?  In  FIA 
band  broadening  first  must  be  reproducible.  The  dilution  caused  by  band  broadening  will 
only  affect  the  detection  limit  of  the  FIA  method.  Therefore,  minimizing  band  broadening 
is  important  if  the  detection  limit  is  a  critical  problem. 

The  important  question  about  band  broadening  deals  with  the  detector  output. 
Which  measurement  is  affected  by  band  broadening;  peak  height  or  peak  area?  The 
peak  area  is  proportional  to  the  total  sample  amount  even  when  band  broadening 
increases.  Since  the  sample  amount  is  unchanged,  the  area  is  unchanged.  Peak  height, 
on  the  other  hand,  decreases  with  increasing  band  broadening.  In  HPLC  peak  area  is 
usually  used  to  quantitate  the  sample  components.  This  is  due  to  the  irreproducibilities 
of  the  column  separation.  In  FIA  the  reproducibility  is  very  good,  therefore,  peak  height 
is  usually  used  to  quantitate  the  sample.  The  process  of  peak  overlapping  occurs  in  HPLC 
when  the  maximum  of  the  peaks  essentially  remains  at  the  same  position,  but  their  width 
increases  so  much  that  they  actually  enter  into  each  other.  Obviously,  this  is  a  critical 
problem  for  HPLC  since  the  separated  peaks  would  be  remixed  because  of  this  overlap. 
Since  no  separations  are  carried  out  in  a  "normal"  FIA  system,  peak  overlapping  is  of  no 
significance.  When  FIA  systems  are  used  to  separate  constituents,  the  objectives  are  quite 
different  from  those  of  HPLC.  For  instance,  the  analyte  in  FIA  can  be  separated  from  the 
matrix  by  gas  diffusion  or  liquid-liquid  extraction.  In  neither  situation  does  peak 
overlapping  exist  as  a  phenomenon  or  problem. 

Peak  tailing  might  occur  if  parts  of  the  dectector  cell  are  inefficiently  flushed  by 
the  mobile  phase  in  HPLC  or  carrier  stream  in  FIA.  Thus,  solute  molecules  entering  these 
areas  will  only  be  able  to  slowly  leave  them  again.  For  both  HPLC  and  FIA  low  detector 
cel!  dead  volume  is  important.  However,  it  is  more  critical  for  HPLC  than  FIA. 

With  this  information  in  hand,  does  it  appear  that  HPLC  or  FIA  has  the  most 
demanding  detector  requirements?  The  physical  requirements  on  HPLC  detectors  are 
more  stringent  than  on  FIA  detectors.  Therefore,  in  most  cases,  an  HPLC  detector  can 
be  used  in  FIA  systems.  Are  there  any  differences  between  HPLC  and  FIA  detectors  that 
must  be  taken  into  account?  The  major  difference  between  FIA  and  HPLC  detectors  is 
that  FIA  can  use  detectors  that  HPLC,  from  a  practical  viewpoint,  cannot.  But  more 
importantly,  FIA  needs  the  detector  and  the  readout  device  to  respond  and  report  the  data 
at  a  much  faster  rate.  Many  HPLC  detector  systems  come  with  software  which  does  not 
allow  for  faster  accumulation  of  data.  The  obvious  result  is  that  the  FIA  systems  will  have 
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peaks  passing  through  the  detector  faster  than  it  can  respond.  The  result  is 
nonreproducibility  of  the  signal. 

Essentially,  any  detector  capable  of  flow  through  detection  can  be  Interfaced  to  an 
FIA  system.  Even  instruments  such  as  mass  spectrometry,  which  are  not  usually 
considered  "flow  through",  have  been  used  as  detectors  in  FIA.  This  single  point  makes 
FIA  extremely  versatile  and  valuable.  However,  the  intrinsic  power  of  FIA  will  only  be 
realized  when  multiwavelength  detectors  are  used  in  order  to  take  advantage  of  the 
concentration  gradient  that  is  formed  in  the  FIA  sample  plug. 

Some  special  requirements  for  FIA  detectors  will  be  mentioned  which  relate  to  the 
stopping  (and  the  restarting)  of  the  flowing  stream.  If  a  stopped  flow  period  is  used,  it  is 
absolutely  essential  that  no  artifact  transient  signals  appear  since  these  can  be  interpreted 
as  real  peaks.  Another  important  aspect  to  be  considered  when  stopping  the  sample 
stream  is  that  the  section  of  the  stream  that  is  situated  inside  the  flow  through  cell  might 
be  heated  by  the  light  source  of  the  detector.  If  this  occurs  for  a  stopped-flow  application, 
part  of  the  sample  zone  will  be  leaving  the  detector  during  the  stop  period  due  to  the 
expansion  of  the  liquid.  This  effect  can,  to  some  extent,  be  prevented  by  feeding  the 
outlet  stream  from  the  flow  cell  back  into  the  pump.  Thermostatting  of  the  flow  cell  can 
also  be  applied.  If  optical  fibers  are  used  the  light  source  can  be  located  at  some 
distance  from  the  cell  which  means  that  the  heating  problem  should  not  occur.  If  the 
stopped-flow  period  is  used  only  to  create  a  time  delay,  then  the  sample  zone  can  be 
stopped  before  the  cell. 

Finally,  something  should  be  said  about  the  use  of  recorders  connected  to  the 
detector.  During  method  development  it  is  mandatory  to  use  a  recorder  so  that  baseline 
drift,  double  peaks,  peak  distortion  etc.  can  be  observed.  These  pieces  of  information 
will  give  clues  on  how  to  optimize  the  system.  Only  when  a  method  is  completely 
established  for  routine  determination  can  the  recording  be  left  out  and  replaced  by 
computerized  evaluation  of  peak  height  or  peak  area  (integration).  Integration  is  so 
commonly  applied  for  HPLC  that  many  detectors  are  provided  with  this  option  as  a 
standard  mode  of  evaluation.  In  the  next  section  of  this  chapter  some  aspects  of  peak 
height  versus  peak  area  are  discussed. 


4.3  PEAK  HEIGHT  VERSUS  PEAK  AREA 

Chromatography  has  traditionally  used  peak  area  as  the  means  of  quantitating 
detector  response.  It  has  been  tempting  for  many  researchers  to  carry  on  this  tradition 
with  FIA.  In  most  FIA  peaks,  sample,  reagent,  and  reaction  products  are  all  present,  while 
HPLC  peaks  usually  contain  only  the  separated  constituents.  However,  we  should  ask; 
why  is  peak  area  used  for  chromatography?  Are  the  reasons  given  also  good  for  FIA  or 
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are  there  other  considerations  which  take  precedence?  Peak  area  is  used  in 
chromatography  because  the  physical  and  surface  based  properties  of  adsorption  and/or 
size  exclusion  are  not  absolutely  reproducible.  The  irreproducibility  makes  the  use  of 
peak  area  necessary.  Peak  area  can  be  used  since  it  assumes  that  the  signal  produced 
is  proportional  to  the  analyte  concentration.  This  is  a  good  assumption  for  the  majority 
of  HPLC  systems.  Peak  height  requires  high  reproducibility  with  respect  to  time;  however, 
peak  area  does  not.  In  FIA  systems,  the  physical  and  surface  based  properties  do  not  add 
irreproducibility  in  terms  of  time  and  peak  broadening.  Therefore,  peak  height  becomes 
a  highly  reproducible  measurement  of  analytical  signal,  typically  ±1%. 

The  FIA  purists  have  an  additional  reason  for  using  peak  height.  For  the  first  time 
in  analytical  chemistry,  a  reproducible  concentration  gradient  containing  analyte,  reagent 
and/or  detected  species  can  be  obtained.  The  potential  analytical  application  of  the 
concentration  gradient  is  very  large.  If  peak  area  is  used  to  quantitate  the  signal,  all 
gradient  information  is  lost.  The  gain  in  precision  is  minimal  at  best.  Therefore,  a  wealth 
of  information  is  neglected  without  any  significant  gain  in  performance.  It  should  be 
pointed  out  that  the  gradient  concept  in  FIA,  which  refers  exclusively  to  the  sample,  is  in 
no  way  related  to  the  solvent  gradient  concept  in  HPLC.  The  latter  refers  to  controlled 
changes  in  the  bulk  properties  of  the  mobile  phase,  i.e.  changes  in  solvent  and  solute 
composition. 

Another  aspect  in  the  discussion  of  whether  peak  height  or  peak  area  is  preferred 
in  FIA  relates  to  the  kinetics  of  the  analyte  formation.  The  molecules  in  the  head  of  the 
sample  peak  pass  through  the  detector  several  seconds  before  the  molecules  in  the  tail 
of  the  sample.  If  the  chemical  reaction  is  slow  and  incomplete  this  time  difference  may 
be  of  importance.  During  these  extra  seconds  the  chemical  reaction  might  approach 
completion  or  steady-state  by  some  additional  percent  units.  This  means  that  fewer 
moiecules  (or  ions)  of  R  and  S  are  needed  in  the  tail  section  to  produce  a  certain  amount 
of  RS  in  comparison  with  corresponding  amount  in  the  head  section.  The  original  S 
concentration  and  the  concentration  of  the  formed  RS,  are  consequently  not  consistently 
related  to  each  other  across  the  resulting  peak  profile  on  the  recorder  paper.  Usually  this 
discrepancy  is  of  no  significance  since  calibration  is  made  with  standards  covering  the 
entire  sample  concentration  range.  Note  that  this  kinetic  aspect  does  not  apply  to  normal 
HPLC  since  the  different  detected  species  are  not  chemically  converted. 

Some  electrochemical  detectors  produce  signals  which  are  correlated  to  the 
logarithm  of  the  analyte  concentration.  The  relationship  between  peak  area  and  analyte 
concentration  then  becomes  very  complex.  Peak  height  evaluation  is  preferred  in  this 
situation. 

Other  detection  modes  are  also  used  from  time  to  time  in  an  FIA  system.  In  the 
case  of  FIA  titrations,  the  elapsed  time  between  two  points  with  equal  dispersion,  one  on 
the  ascending  side  of  the  peak  and  the  other  on  the  descending  side  of  the  peak,  is 
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measured.  This  time  is  correlated  to  the  analyte  concentration  of  the  sample.  In  the  case 
of  stopped  flow  experiments,  either  the  final  increase  in  signal  or  the  slope  of  the  rising 
signal  can  be  used  to  evaluate  the  analyte  concentration. 

The  most  interesting  aspect  of  signal  measurement  in  an  FIA  system  is  that  any 
point  on  the  FIA  response  curve  can  be  used  to  evaluate  the  samples  under  investigation. 
Multiple  calibration  curves  or  time  based  measurements  can  thus  be  applied.  At  the 
current  state  of  development,  only  the  capabilities  of  the  detectors  and  the  imagination 
of  the  analyst  have  limited  the  FIA  technique. 


4.4  SPECTROPHOTOMETRY  (UV  AND  VISIBLE) 

For  all  practical  purposes  the  commercially  available  UV-visible  flow  through 
detectors  will  easily  accommodate  FIA  assuming  that  the  response  time  of  the 
detector/readout  device  is  fast  enough  to  measure  and  output  the  FIA  signal.  The  real 
advantage  of  using  FIA  for  spectrophotometric  detection  is  the  high  degree  of 
reproducibility.  The  fact  that  the  signal  from  the  sample  does  not  have  to  be  at  steady 
state  will  increase  sample  throughput. 

Most  flow  cells  for  optical  spectroscopy  are  designed  so  that  the  source  beam  is 
passed  through  the  longitudinal  axis  of  the  cell.  This  design  maximizes  the  cell  path.  But 
does  this  design  allow  for  the  maximum  amount  of  information  to  be  collected?  In  this 
configuration  the  stratified  sample  zone  is  integrated  over  the  entire  optical  path  length 
and  the  detector  yields  a  rapid  response.  In  this  viewing  position  the  concentration 
gradient  is  present  in  the  flow  stream  but  all  gradient  based  information  is  not  recorded 
because  of  this  integration.  Basically,  the  longer  and  larger  the  flow  cell,  the  less  the 
amount  of  gradient  information  which  can  be  obtained.  If  gradient  observation  with 
maximum  resolution  is  the  goal,  then  the  source  beam  must  pass  through  the  entire  width 
of  the  sample  cell.  Even  then,  an  integration  of  the  dispersed  sample  zone  is  observed. 
However,  this  integration  is  performed  radially  over  a  smaller  area  of  the  sample  zone. 

The  actual  flow  cells  are  usually  designed  in  a  "Z"  configuration  (Fig.  4.1a).  The 
transparent  windows  are  made  of  glass  (for  visible  only)  or  quartz  (for  UV  and  visible 
measurements).  When  using  this  cell  the  carrier  stream  should  be  fed  from  the  bottom. 
This  approach  minimizes  the  amount  of  trapped  air  bubbles.  A  second  alternative  is  to 
use  the  "U-shaped"  cell  design  (Fig.  4.1b).  Notice  the  "J“  shaped  entry  tube  into  the  cell 
compartment.  It  is  critical  that  the  cell  has  this  configuration  and  that  the  solutions  are 
introduced  through  this  side  in  order  to  eliminate  air  bubble  problems.  A  10  mm  cell  path 
is  standard  and  the  cells  are  made  of  glass  or  quartz.  These  cells  come  with  glass  tubing 
extending  from  the  top  of  the  cell.  The  use  of  silicone  tubing  sleeves  enables  easy 
connection  of  the  cell  to  the  manifold  tube  and  waste  streams. 
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Fig.  4.1.  a)  The  Z  configuration  flow  cell  b)  the  U  configuration  flow  cell. 


In  some  designs  the  cell  uses  conventional  connectors  to  attach  the  cell  to  the 
manifold  and  waste  container.  In  terms  of  simplicity,  this  latter  approach  appears  to  be 
the  best  and  least  expensive.  The  diameter  of  the  connecting  tube  and  the  flow  channel 
of  the  cell  should  be  similar.  However,  not  all  spectrophotometers  can  be  used  with  small 
volume  flow  cells.  With  some  designs  the  amount  of  incident  light  which  will  pass  through 
the  cell  is  insufficient  for  the  spectrophotometer  to  function  correctly.  The  low  intensity 
of  the  incident  tight  is  usually  caused  by  low  power  source  lamps  or  optical  bench 
alignments  which  do  not  pass  the  source  beam  perfectly  parallel  to  the  cell  cavity.  The 
result  in  the  latter  case  is  that  the  light  is  bounced  into  the  side  of  the  cell  where  either 
additional  stray  light  is  created  or  the  light  is  absorbed  by  the  blackened  walls  of  the  cell. 

When  microconduits  are  used  the  spectrophotometer  light  is  guided  to  the  cell 
compartment  using  fiber  optics  (1).  The  returning  light  is  collected  and  returned  via  fiber 
optics.  This  approach  can  also  incorporate  a  10  mm  cell  path  depending  on  the  function 
and  sensitivity  required. 
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The  FIA  system  does  not  affect  any  of  the  basic  traits  of  batch  spectrophotometric 
methods.  Beer’s  law  will  still  be  obeyed  in  the  same  range.  The  sensitivity  of  the  method 
is  about  the  same.  Throughput  and  precision  are  increased.  The  actual  detection  limits 
will  be  comparable  or  better  since  the  noise  contribution  due  to  human  handling  of  the 
sample  is  eliminated.  Without  question,  spectrophotometric  detection  is  the  most 
commonly  used  detection  scheme  for  routine  monitoring. 

An  exciting  potential  use  of  UV-visible  spectrophotometry  is  the  incorporation  of 
diode  array  detectors  into  the  FIA  flow  system.  The  high  reproducibility  of  FIA  will  make 
the  use  of  diode  array  detectors  for  multicomponent  analysis,  kinetics,  and  routine 
monitoring  extremely  easy  to  use.  In  particular,  the  use  of  multiple  injection  techniques  like 
chasing  zones  (see  Chapter  7)  will  be  greatly  enhanced  by  the  power  of  the  diode  array 
detector.  Background  absorbance  of  the  sample  might  be  corrected  as  well  as  other 
effects  normally  created  by  the  sample  matrix.  Multicomponent  analysis  would  also  be 
possible  using  multipurpose  reagents.  The  practical  potential  of  diode  array  detection 
remains  to  be  exploited. 


4.5  LUMINESCENT  DETECTION 

In  this  section  the  luminescent  techniques;  fluorescence,  phosphorescence, 
chemiluminescence  and  bioluminescence  are  discussed.  All  four  techniques  are  Improved 
using  FIA.  The  dispersion  coefficient,  D,  for  a  manifold  with  these  detector  systems  is 
usually  in  the  medium  category,  D  =  3  -  20.  This  is  because  the  analyte  must  first  be 
mixed  with  the  reagent  before  the  chemistry  can  occur  and  the  signal  observed.  Most 
luminescent  techniques/methods  are  not  selective.  Therefore,  some  type  of  selectivity 
enhancement  technique  is  usually  incorporated  into  these  FIA  manifolds. 

FIA  definitely  improves  the  performance  of  chemiluminescence  and  bioluminescence 
detectors  since  it  is  ideally  suited  to  maximize  the  analyte  signal.  Usually  the  light 
production  is  so  rapid,  In  the  milliseconds  range,  that  quick  mixing  immediately  followed 
by  detection  is  critical  to  the  sensitivity  of  the  system.  As  a  result,  only  reactions  with  long 
lifetimes  can  be  used  in  batch  methods.  Adaptation  of  the  mixing  process  to  FIA  allows 
for  immediate  detection  at  the  point  of  mixing.  Therefore,  reagent/analyte  complexes, 
which  produce  light  on  the  milliseconds  time  scale  or  faster,  can  be  used  effectively. 

A  typical  detection  set-up  is  shown  in  Fig.  4.2.  The  luminescent  reagent  and  the 
sample  are  mixed  in  front  of  a  spiral  T-cell  which  is  positioned  in  front  of  a  photomultiplier 
tube.  In  the  case  of  the  reaction  of  luminol  with  chlorine  dioxide,  light  production  is 
completely  finished  before  the  reagent/analyte  complexes  leave  the  spiral  cell.  The  only 
negative  aspect  of  this  cell  design  is  that  the  FIA  peak  is  Integrated  versus  time.  Therefore, 
no  gradient  information  is  recorded;  however,  the  gradient  is  intact. 
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Fig.  4.2.  A  detector  set-up  for  a  fast  chemiluminescent  reaction  product  using  FIA. 

The  major  advantage  of  chemiluminescence  systems  is  that  they  usually  exhibit 
linear  ranges  that  span  several  decades.  It  is  typical  for  the  linear  ranges  to  be  1000  to 
1 00,000  concentration  units  in  width.  This  provides  a  great  deal  of  flexibility  to  the  analyst. 

Using  microconduit  based  designs,  the  luminescence  is  observed  through  a  fiber 
optic  which  is  placed  at  a  point  where  the  reagent  and  the  analyte  meet  (1).  In  such  a 
design  there  is  less  integration  of  the  signal  and,  consequently,  more  gradient  information 
is  recorded. 

For  fluorescence  based  studies  the  commercially  available  HPLC  detection  systems 
are  more  than  adequate.  The  classical  design  for  fluorescence  cells  is  to  pass  excitation 
light  into  one  side  of  the  flow  cell  compartment  and  observe  the  fluorescence  at  a  90° 
angle.  Unfortunately,  the  effective  cell  path  is  small  using  this  configuration.  Other  more 
efficient  designs  collect  the  majority  of  fluorescence  emitted  light  using  a  concave  mirror 
and  focus  it  onto  the  detector. 

The  advantage  of  using  FIA  for  fluorescence  based  measurements  is  that 
reproducibility  can  be  significantly  enhanced.  Fluorescence  is  affected  by  environmental 
conditions  more  than  colorimetry.  The  observed  relative  intensities  can  be  dramatically 
affected  by  solution  based  properties  like  ionic  strength,  pH  and  interferents.  FIA  stabilizes 
the  solution  conditions  thereby  increasing  precision.  No  quenching  from  oxygen  will  occur 
since  oxygen  can  be  eliminated  from  the  closed  system.  For  some  applications  a  matrix 
modification  step  is  performed  in  the  FIA  system  to  eliminate  quenching  problems.  Using 
matrix  modification  it  is  possible  to  carry  out  the  reaction  chemistry  under  optimized 
conditions  and  to  merge  this  pretreated  zone  with  an  optimized  detection  solution. 
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Phosphorescent  based  systems,  though  less  frequently  used,  exhibit  improved 
performance  characteristics.  The  future  for  this  technique  in  flow  injection  is  limited, 
however,  because  many  phosphorescent  methods  require  low  temperatures  or  viscous 
solutions. 


4.6  ATOMIC  SPECTROSCOPY 

In  principle,  any  atomic  absorption  spectrometer  (AAS)  or  inductively  coupled 
plasma  (ICP)  detector  can  be  connected  to  an  FIA  system.  In  practice,  AAS  and  ICP 
detectors  are  not  easily  moved  around  in  the  laboratory  which  means  that  the  FIA  system 
is  brought  to  the  AAS  or  ICP  detector  and  not  vice  versa.  The  connection  itself  is 
relatively  straightforward;  the  aspiration  tube  and  the  FIA  manifold  outlet  tube  are  coupled 
together  using  a  sleeve  tube.  For  AAS,  the  aspiration  tube  can  be  removed  completely 
from  the  nebulizer  and  replaced  by  the  FIA  outlet  tube.  The  simplest  possible  FIA  system 
that  is  connected  to  an  AAS  or  ICP  detector  contains  a  pump,  an  injector  and  a  single-line 
manifold.  Compared  with  other  detectors,  relatively  high  flow  rates  are  required  for  AAS, 
typically  4-8  ml/min.  The  flow  rate  of  the  liquid  is  usually  adjusted  to  be  equal  or  even 
slightly  higher  than  the  AAS  aspiration  flow  rate.  For  ICP  the  flow  rates  are  lower,  1-3 
ml/min. 

Sample  volumes  are  in  the  range  of  10  -  1000  pi.  Such  volumes  give  rise  to 
reproducible  transient  detector  signals,  in  other  words,  typical  FIA  peaks.  When  the 
sample  is  evaluated  as  peak  height,  a  certain  loss  in  signal  is  obtained  in  comparison  with 
continuous  aspiration.  The  aspiration  usually  continues  until  the  steady  state  signal  level 
has  been  attained,  requiring  sample  volumes  larger  than  1000  pi.  The  signal  loss  is 
expected  since  the  limited  amount  of  sample  used  with  FIA  does  not  allow  a  steady  state 
level  to  be  obtained.  Different  flow  and  detector  configurations  will  also  behave  differently 
with  respect  to  the  reduction  in  peak  height.  The  flow  part  of  the  system  must  be  carefully 
designed  so  that  the  sample  plug  in  the  carrier  reaches  the  detector  without  being 
subjected  to  unnecessary  dispersion.  The  volume  and  the  geometrical  properties  of  the 
aerosol  chamber  are  other  critical  parameters  in  this  context.  Normally,  the  analyst  has 
limited  possibilities  to  influence  the  design  of  the  aerosol  chamber  but  one  should  be 
aware  of  the  fact  that  there  is  quite  a  difference  between  different  designs. 

As  previously  mentioned,  the  continuous  aspiration  mode  requires  a  minimum  of 
1000  pi  to  reach  a  steady  state  signal.  Using  FIA,  about  60%  of  the  steady  state  signal  is 
obtained  when  only  100  pi  of  the  sample  is  injected.  If  the  sample  supply  is  limited,  the 
FIA  approach  for  sample  introduction  is  a  highly  recommended  alternative  to  the 
conventional  aspiration  approach.  The  sample  throughput  depends  on  the  sample  volume 
injected;  the  smaller  the  sample  volume  the  higher  the  sampling  frequency  and  the  larger 
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the  loss  in  signal  (evaluated  as  peak  height). 

The  different  merits  of  combining  AAS  and  FIA  will  now  be  discussed  in  some  detail. 
First,  what  can  be  gained  by  pumping  the  carrier  continuously  into  the  nebulizer  of  an  AAS 
instrument?  Actually,  the  FIA’s  continuous  feed  allows  steady  conditions  to  be  attained 
inside  the  nebulizer.  The  feed  rate  is  constant  with  FIA  even  if  samples  having  different 
viscosity  properties  are  injected.  The  changes  in  feed  rate  caused  by  the  variations  in 
sample  viscosity  is  a  recognized  problem  when  sample  introduction  by  aspiration  is 
applied. 

Is  the  selection  of  the  FIA  carrier  stream  crucial  to  atomic  absorption  detection? 
Normally,  distilled  water  is  used  as  carrier.  But  it  has  been  shown  that  signal  enhancement 
can  be  obtained  for  AAS  detectors  when  an  appropriate  organic  solvent  is  used  as  a 
carrier,  for  example  methyl  isobutyl  ketone  (MIBK),  methanol,  or  acetone  (2,3).  An 
improvement  factor  of  up  to  8  can  be  accomplished  for  certain  combinations  of 
carrier/sample  solvents  in  comparison  with  aqueous  conditions  (3). 

What  further  benefits  result  from  an  interfacing  of  an  FIA  system?  With  FIA  a  variety 
of  sample  pretreatment  steps  can  conveniently  be  performed,  such  as  dilution,  reagent 
addition,  preconcentration,  liquid-liquid  extraction,  analyte  conversion  and  hydride 
generation.  There  are  also  situations  when  sample  pretreatment  becomes  unnecessary 
with  FIA.  For  example,  high  salt  samples  do  not  need  dilution  to  prevent  clogging  of  the 
nebulizer  slot.  Using  FIA  the  burner  slot  is  exposed  less  to  the  sample.  The  flame  does 
not  extinguish  and  the  performance  and  operational  efficiency  of  the  analytical  system  is 
improved. 

The  manifolds  needed  to  perform  a  variety  of  different  sample  pretreatment  steps 
have  been  described  in  Chapter  3  except  for  the  hydride  generation  manifold.  Fig.  4.3 
shows  the  original  hydride  generation  system  used  by  Astrom  (4). 


Fig.  4.3.  Hydride  generation  manifold  of  Astrom.  S  =  sample,  DET  =  AAS  detector, 
W  =  waste. 
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The  U-type  gas-liquid  separator  according  to  Vijan  (5)  was  miniaturized  to  keep  the 
volume  as  low  as  possible.  The  quartz  cell  was  heated  electrically  to  about  850  ”C  using 
Kanthal  wires.  Microporous  PTFE  tubes  have  also  been  utilized  as  gas-liquid  separators 
(6)  as  well  as  dual  phase  gas  diffusion  cells  of  a  more  conventional  design  (7).  In 
comparison  with  the  original  batch  methods  for  hydride  generation  the  interferences  from 
transition  metals  decrease  significantly  when  corresponding  reactions  are  performed  in  an 
FIA  system.  This  effect  can  be  explained  by  the  short  residence  time  that  the  sample  has 
with  the  interfering  transition  metal  ions  in  the  sample.  The  adsorption  of  a  hydride  such 
as  arsine  on  the  transition  metal  hydride  is  minimized.  Another  explanation  might  be  that 
the  short  residence  time  for  the  hydride  in  the  system  prevents  its  decomposition  which 
may  occur  in  the  acidic,  liquid  environment. 

Many  of  the  conclusions  drawn  above  for  the  AAS  detector  are  also  valid  for  the 
ICP  detector.  For  the  ICP,  the  continuous  feed  of  aqueous  carrier  solution  prevents  salt 
formation  at  the  nebulizer  nozzle  face.  Such  encrustation  may  occur  if  air  is  introduced 
intermittently  as  it  is  during  conventional  operation.  Using  FIA,  constant  conditions  are 
also  created  for  the  carrier  gas  in  the  nebulizer.  Furthermore,  rinsing  cycles  can  be 
implemented  using  a  second,  independent  pump.  The  rinse  solution  can  be  added 
intermittently,  either  to  the  liquid  carrier  stream  before  it  enters  the  nebulizer  or  directly 
into  the  nebulizer  just  behind  the  nozzle  face.  FIA  clearly  improves  the  overall  performance 
of  atomic  spectroscopy  detectors.  The  automation  of  selectivity  enhancement  and 
preconcentration  techniques  significantly  decreases  analysis  time  and  increases  precision. 


4.7  ELECTROCHEMICAL  DETECTION 

Electrochemical  detection  is  based  on  the  transport  of  an  electroactive  species 
towards  the  surface  of  a  sensor.  The  detector  responds  only  to  the  species  which  are 
present  in  the  absolute  vicinity  of  the  sensor  surface.  Thus,  these  species  must  be 
representative  for  each  portion  of  analyte  solution  which  passes  by  the  sensor.  As  a 
consequence,  the  design  of  the  detector  cell  and  of  the  hydrodynamic  system  becomes 
more  critical  for  electrochemical  detectors  than  for  photometric  detectors.  The  latter 
category  of  detectors  integrate  properties  characteristic  for  much  larger  portion  of  the 
analyte. 

Are  hydrodynamic  systems  such  as  FIA  systems  suitable  for  creating  reproducible 
analyte  transport  to  the  sensor  surface?  Yes,  indeed  they  are,  provided  that  the  flow  can 
be  kept  relatively  free  from  pulsations.  Exposure  times  can  be  optimized  and  kept 
constant  for  both  samples  and  standard  solutions.  The  inherent  properties  of  the  analyte 
gradient  in  the  FIA  system  can  also  be  exploited.  Selectivity  can  be  improved  by  kinetic 
discrimination  of  the  interfering  side  reactions  that  occur  at  the  sensor  surface.  The 
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common  denominator  for  all  these  improvements  are  that  reproducible,  dynamic  conditions 
for  analyte  production  and  presentation  to  the  detector  can  be  created  in  the  FIA  system. 

The  configurations  of  electrochemical  detection  cells  are  almost  as  numerous  as  the 
number  of  papers  describing  electrochemical  detection.  Basically,  any  design  falls  into  one 
of  the  following  three  categories:  a)  wall-embedded,  b)  cascade  type  and  c)  end-on 
sensors,  see  Fig.  4.4. 


Wall -embedded 
sensor 


ss 


Cascade-type 

sensor 


Fig.  4.4.  The  three  basic  configurations  for  electrochemical  detectors.  SS  =  sensing 
surface. 

The  wall-embedded  sensor  may  be  comprised  of  a  cylinder  inserted  as  part  of  the 
flow  system  or  it  may  be  comprised  of  one  or  several  plates  incorporated  into  the  tubing 
wall.  The  cascade  type  sensor  is  exposed  to  the  carrier  stream  either  in  a  tangential  or 
frontal  manner.  If  a  tangential  flow  is  used  several  sensors  can  be  positioned  after  each 
other  in  series.  The  end-on  category  most  frequently  entails  wire-shaped  sensors 
positioned  in  the  center  of  the  flowing  stream  so  it  is  "piercing"  the  parabolic  head  of  the 
sample  plug.  The  positioning  of  reference  and  counter  electrodes  is  less  critical.  In  most 
cases  they  are  placed  after  the  sensing  electrode  in  the  flowing  stream,  either  in  the  stream 
itself  or  in  a  waste  reservoir. 

The  so-called  walljet  electrode  is  a  hybrid  of  cascade  and  end-on  electrochemical 
cell  designs.  The  walljet  has  some  potentially  useful  qualities  for  FIA.  As  mentioned 
earlier,  the  possible  electrode  and  cell  designs  seem  to  be  unlimited  as  long  as  the  ohmic 
(IR)  drop,  between  the  different  electrodes  is  matches  the  requirements  of  the  electronics 
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involved.  A  large  IR  drop  should  be  avoided  since  it  may  lead  to  a  non-linear  respon: 
of  the  sensor.  How  can  a  large  IR  drop  be  avoided?  The  magnitude  of  the  IR  drop 
governed  by  the  distance  between  the  electrodes,  by  the  hydrodynamic  conditions  and  I 
the  electrolyte  content  in  the  carrier  stream.  So  the  first,  obvious  measure  would  be  to  u 
a  design  where  the  distance  between  the  electrodes  is  short.  Then  an  inert  electrolyte  c< 
be  added  to  the  carrier  solution.  If  voltammetry  is  applied  a  counter  electrode  can  I 
implemented  as  an  auxiliary,  third  electrode  to  carry  electrical  current  thereby  "protectin 
the  reference  electrode. 

Which  basic  techniques  can  be  utilized  for  FIA  electrochemical  detection?  Tl 
answer  is  straightforward:  most  current  techniques  can  be  applied  when  an  appropriate  ci 
design  is  made.  Table  4.1  lists  the  FIA  electrochemical  techniques  and  summarizes  tl 
fundamental  principles. 

TABLE  4.1 

Electrochemical  techniques  used  in  FIA. 


Technique 

Principle 

Amperometry 

Measurement  of  current  at 

constant  potential 

Chronopotentiometry 

Potentiometric  stripping 
analysis  (PSA) 

Constant  current  with 

measurement  of  potential  with 
respect  to  time 

Conductimetry 

Inert  electrodes  with  measurement 

of  conductance 

Potentiometry 

Ion  selective  electrodes 

Redox  electrodes 

Ion-selective  field  effect 

transistors  (ISFETs) 

Measurement  of  potential 

Voltammetry 

Polarography 

Anodic  or  cathodic  stripping 

Measurement  of  current  at  varying 
potential 
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Why  do  so  many  cell  designs  and  electrode  arrangements  exist?  The  probable 
answer  is  that  electrochemistry  is  a  popular  research  topic.  University  budgets  very  often 
preclude  investment  in  a  commercial  electrochemical  detector,  since  these  detectors  are 
relatively  inexpensive  to  make.  A  researcher  can  devote  several  months  to  design  a 
detector  with  comparable  capabilities.  The  research  leads  to  improvements  and  the  results 
are  published.  No  other  detection  principle  presents  so  many  different  versions  and 
possibilities  for  the  analysis  of  ascorbic  acid  and  L-Dopa. 

A  survey  of  all  FIA  papers  in  which  electrochemical  detection  is  used  would  be  very 
lengthy.  The  reader  is  referred  to  the  bibliography  index.  However,  ion  selective 
electrodes  deserve  some  further  comments.  The  first  FIA  paper  describing  the  use  of  ion 
selective  electrodes  was  published  in  1976  (8).  The  electrode  was  tilted  45*  and  the 
carrier  stream  was  allowed  to  flow  freely  downwards  and  across  the  circular  sensing 
surface  of  the  electrode  (cascade  type).  The  reference  electrode  was  placed  in  the  outlet 
reservoir,  see  Fig.  4.5. 


Fig.  4.5.  First  ion  selective  electrode  detector  system  for  FIA.  C  =  carrier,  S  =  sample, 
REF  =  reference  electrode,  ISE  =  ion-selective  electrode. 


Using  this  experiment  set-up,  the  flow  pattern  at  the  surface  of  the  ion  selective 
electrode  has  a  tendency  to  fluctuate.  To  avoid  this  fluctuation,  the  electrode  can  be 
immersed  in  liquid  paraffin  and  a  groove  can  be  made  in  the  paraffin  film.  The  outlet 
stream  from  the  FIA  system  is  directed  along  the  vertically  positioned  groove. 
Alternatively,  a  piece  of  coarse  filter  paper  can  be  placed  on  the  surface  of  the  electrode. 
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In  this  way  the  delivered  liquid  is  evenly  distributed  across  the  entire  sensing  area.  Yet 
another  possibility  to  avoid  irregularities  in  the  carrier/sample  stream  is  to  position  the 
electrode  vertically  and  to  direct  the  stream  frontally  onto  the  center  of  the  circular  surface. 

Ion  selective  electrodes  respond  rapidly  and  reproducibly  in  an  FIA  system.  They 
seem  to  exhibit  nearly  Nernstian  behavior  in  spite  of  non-steady  state  conditions  (8). 
Selectivity  coefficients  obtained  in  this  dynamic  mode  are  often  improved  in  favor  of  the 
main  ion.  In  other  words,  the  electrode  is  not  responding  as  rapidly  to  changes  in 
interfering  ion  concentrations  as  it  to  changes  in  the  main  ion  concentrations  (kinetic 
discrimination),  see  Fig.  4.6. 

RESPONSE 


Fig.  4.6.  Possible  kinetic  discrimination  in  electrochemical  detectors. 


The  exactly  defined  exposure  time  established  in  any  FIA  system  with 
electrochemical  detection  eliminates  the  arbitrary  time  delays  which  are  difficult  to  avoid 
for  manual  measurements.  The  efficiency  by  which  a  sample  with  a  high  concentration  is 
removed  from  the  sensing  area  of  the  FIA  detector  is  much  higher  in  comparison  with 
corresponding  process  in  manually  measured  samples  with  stirring.  Samples  with  high  and 
low  concentrations  can  therefore  be  introduced  alternately  in  the  FIA  system  with  a 
maintained  sample  throughput  rate. 


4.8  OTHER  DETECTORS 

Virtually  any  detector  which  can  accommodate  a  flow  cell  or  accept  a  flowing  stream 
can  be  used  as  an  FIA  detector.  In  many  situations,  the  irreproducible  handling  of 
samples,  reagents  and  timing  lead  to  the  observed  imprecision  of  the  detectors. 
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A  few  of  the  other  notable  FIA  detector  combinations  are  FIA-Fourier  Transform 
Infrared,  (FTIR);  FIA-Raman,  and  FIA-Mass  Spectrometry,  (FIA-MS).  The  reasons  for  using 
these  detector  is  that  they  are  specific  detectors.  In  FIA,  the  primary  purpose  is  to  improve 
reproducibility  and  to  present  to  the  detector  a  measurable  form  of  the  analyte. 

In  the  case  of  FTIR,  the  absorption  exhibited  by  water  has  limited  its  use  in  all 
flowing  systems,  HPLC  included.  However,  the  advent  of  the  circle  cell  and  the  newly 
designed  micro  circle  cell  make  aqueous  flow  through  measurements  using  FTIR  possible 
(9).  Fig.  4.7  shows  a  circle  cell.  It  has  been  shown  that  with  the  rapid  scanning 
capabilities  of  FTIR,  good  vibrational  spectra  can  be  obtained  in  a  continuous  flow  mode. 
This  type  of  work  has  been  extended  using  FIA  to  improve  the  detection  limits  and  to 
allow  chemistry,  in  particular  derivatization,  to  be  carried  out  before  the  FTIR 
measurements.  This  method  seems  to  be  especially  useful  for  pharmaceutical  analysis. 

One  application  of  FIA-FTIR  is  the  determination  of  dioctyl  sulfosuccinate  in 
pharmaceutical  samples.  This  particular  application  required  a  stopped-flow  procedure 
because  a  slower  and  less  sensitive  detector,  triglycine  sulfate  detector,  was  used. 
Detection  limits  were  0.6%  w/v.  The  determination  of  succinylcholine  chloride  and 
bethanechol  chloride  were  accomplished  with  the  circle  cell  and  continuous  flow  FIA.  A 
linear  range  of  0.5  to  50  parts  per  thousand  with  a  detection  limit  of  40  pg  was  observed. 
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Fig.  4.7.  FIA  circle  cell  interface. 

A  most  intriguing  use  of  FIA  with  Raman  spectroscopy  is  to  reproducibiy  produce 
the  anaiyte  coating  on  silver  sol  microspheres  (10).  The  silver  coated  spheres  are  then 
capable  of  exhibiting  surface  enhanced  Raman.  The  increase  in  detection  limit  is 
substantial.  The  usual  difficulty  is  to  reproducibiy  produce  a  uniform  coating  of  analyte  on 
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the  surface.  This  coating  will  give  rise  to  the  surface  enhancements.  By  using  FIA  this 
difficulty  can  be  overcome. 

The  connection  of  FIA  to  mass  spectrometry  provides  the  analyst  with  a  very 
specific  detection  scheme.  This  combination  can  be  used  to  determine  the  optimized 
conditions  for  a  reaction  (e.g.  hydride  generation)  or  to  observe  the  actual  species  being 
produced  by  a  reaction  under  varying  conditions.  A  typical  interface  between  FIA  and 
mass  spectrometry  is  shown  in  Fig.  4.8.  To  date,  only  dual  phase  gas  diffusion  has  been 
coupled  to  MS.  In  this  case  a  GC-MS  was  used.  The  dual  phase  gas  diffusion  manifold 
is  connected  to  the  MS  by  attaching  the  column  inlet  connection  to  the  acceptor  stream 
before  the  membrane.  A  jet  separator  is  used  in  place  of  the  membrane  separator  in  order 
to  optimize  the  elimination  of  the  majority  of  the  acceptor  stream  gas. 


OUTLET  DUAL  PHASE  INLET 


Fig.  4.8.  Interface  of  an  FIA  to  a  mass  spectrometer. 


From  a  quantitative  standpoint  the  combination  of  FIA-MS  can  be  very  useful  for  low 
level  detection.  The  FIA  system  increases  the  precision  of  the  sample  introduction  and  the 
mass  spectrometer  is  very  sensitive.  This  combination  makes  detection  of  attogram 
(10 18  g)  quantities  possible. 


83 


REFERENCES 

1.  J.  Ruzicka  and  E.H.  Hansen,  Anal.  Chim.  Acta,  161  (1984)  1.  [456] 

2.  K.  Fukamachi,  Anal.  Chim.  Acta,  119  (1980)  383.  [98] 

3.  A.S.  Attiyat  and  G.D.  Christian,  Anal.  Chem.,  56  (1982)  439.  [381] 

4.  O.  Astrom,  Anal.  Chem.,  54  (1982)  190.  [175] 

5.  P.N.  Vijan  and  G.R.  Wood,  At.  Absorption  Newsl.,  13  (1974)  33.  [-] 

6.  M.  Yamamoto,  M.  Yasuda  and  Y.  Yamamoto,  Anal.  Chem.,  57  (1985)  1382.  [565] 

7.  Z.  Fang,  S.  Xu,  X.  Wang  and  S.  Zhang,  Anal.  Chim.  Acta,  179  (1986)  325.  [743] 

8.  J.  Ruzicka,  E.H.  Hansen  and  E.A.G.  Zagatto,  Anal.  Chim.  Acta,  88  (1977)  1.  [8] 

9.  B.  Miller,  N.D.  Danielson  and  J.E.  Katon,  Appl.  Sped.,  42  (1988)  401.  [-] 


10.  A.  Berthod,  J.J.  Laserna  and  J.D.  Winefordner,  Appl.  Sped.,  41  (1987)  1137.  [-] 


84 


CHAPTER  5 

MODES  OF  OPERATION 


5.1  INTRODUCTION 

This  chapter  is  devoted  to  describing  the  normal  and  special  modes  of  operation 
used  in  FIA  systems.  It  is  the  objective  of  this  Chapter  to  explain  not  only  the  modes  of 
operation,  but  to  examine  the  reasons  for  their  development  and  when  they  should  be 
used.  Sometimes  it  would  seem  that  for  every  method  there  are  an  infinite  number  of 
ways  of  designing  the  manifold.  But  the  main  objective  behind  any  design  is  to  make  sure 
it  meets  the  analytical  needs  for  the  desired  determination.  Usually  the  simpler  the  design, 
the  better! 


5.2  BASIC  MODES 

What  is  needed  to  make  an  FIA  system?  A  pump  to  create  the  continuous  flow,  an 
injector  to  introduce  sample,  some  tubing  and  connectors  to  mix  the  reagent  and  sample, 
and  a  detector  which  responds  to  the  analyte  of  interest.  When  these  components  are  put 
together,  as  in  Fig.  5.1,  a  single  line  FIA  system  has  been  created. 


Fig.  5.1.  Single  line  FIA  manifold.  S  =  sample,  DET  =  detector,  W  =  waste. 
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So  now  let  us  ask,  when  would  a  single  line  system  be  the  optimal  design  for  a 
method?  Basically,  when  no  additional  chemistry  is  occurring  and  limited  dispersion  is 
desirable  such  as  the  case  of  a  specific  detector  (i.e.  ion  selective  electrodes,  atomic 
absorption).  The  determination  of  potassium  ion  in  electrolyte  solutions  by  flame 
photometry  is  a  good  example.  For  this  application  the  FIA  system  is  used  only  as  a 
transport  system  for  the  sample  up  to  the  detector.  No  dilution  or  chemical  reaction  takes 
place. 

What  would  happen  when  some  chemistry  must  occur?  For  example,  in  colorimetry 
the  sample  and  reagent  must  react  to  form  the  reaction  product  which  is  eventually 
measured.  Can  a  single  line  system  be  used?  Maybe!  To  answer  this  question  it  is  first 
necessary  to  think  about  the  mixing  process  inside  the  tubing.  Fig.  5.2a  shows  the  sample 
plug  at  the  point  of  sample  injection.  At  this  point  no  physical  mixing  and  no 
sample/reagent  reaction  has  occurred.  In  Fig.  5.2b,  the  sample  zone  begins  to  move 
down  the  tube  and  physical  mixing  now  begins.  Note  that  both  sample  and  reagent  have 
begun  to  disperse  into  each  other  at  both  ends  of  the  sample  zone.  This  physical  mixing 
will  occur  continuously  as  the  sample  zone  moves  down  the  tube.  Eventually,  if  enough 
tubing  is  used,  the  sample  zone  and  reagent  will  be  mixed,  see  Fig.  5.2c.  When  the  RS 
plug  in  Fig.  5.2c  passes  through  the  detector  a  normal  FIA  peak  will  be  observed. 


R 

Vr  c 
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RS 


RS 
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Fig.  5.2.  Depiction  of  the  mixing  process  in  a  single  line  FIA  system  a)  sample  plug  at 
point  of  injection,  b)  sample  further  down  the  tube  where  mixing  begins,  and  c)  complete 
mixing  of  sample  and  reagent.  R  =  reagent,  S  =  sample,  RS  =  reaction  product  sensed 
by  the  detector. 
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Is  increasing  the  tubing  length  to  allow  for  complete  mixing  in  a  single  line  system 
the  best  approach?  Not  really,  because  the  extra  time  needed  to  accomplish  this  and  the 
additional  dispersion  are  without  merit. 

There  is  an  additional  critical  assumption  in  the  single  line  approach  namely  that 
the  reagent  concentration  is  sufficiently  high  to  react  with  all  the  analyte  in  the  sample. 
Is  this  a  valid  assumption?  Not  necessarily,  and  in  most  cases  no!  The  observed  double 
peak,  see  Fig.  5.3,  is  indicative  of  either  incomplete  mixing  or  insufficient  reagent 
concentration. 


TIME 


Fig.  5.3.  Double  peak  caused  by  incomplete  conversion  of  S  to  RS  due  to  Insufficient  R 
concentration. 


How  can  these  problems  be  avoided?  The  recommendation  is  that  at  least  a  two 
line  system  be  used,  see  Fig.  5.4. 


Fig.  5.4.  Two  line  FIA  manifold  provides  for  a  constant  reagent  concentration  across  the 
entire  sample  zone.  S  =  sample,  DET  =  detector,  W  =  waste. 


87 


With  this  design  the  reagent  and  sample  plug  meet  at  the  tubing  connector,  see  Fig. 
5.5a.  At  this  point,  the  sample  would  be  placed  on  top  of  the  reagent  (Fig.  5.5b).  As  this 
mixture  passes  through  the  mixing  coil,  physical  equilibrium  is  approached.  Eventually, 
the  entire  sample  zone  has  been  mixed  with  the  reagent  (Fig.  5.5c).  Therefore,  there  is 
no  shortage  of  reagent  in  the  center  plug. 


b 


* 
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Fig.  5.5.  Depiction  of  the  introduction  of  sample  and  reagent  to  each  other  in  a  two  line 
manifold,  a)  sample  and  reagent  meet,  b)  sample  and  reagent  begin  to  mix,  and 
c)  reaction  is  complete.  C  =  carrier,  R  =  reagent,  S  =  sample,  RS  =  reaction  product 
sensed  by  the  detector. 


It  should  be  mentioned  that  it  would  still  be  possible  to  have  such  a  high 
concentration  of  analyte  that  the  reagent  concentration  is  insufficient  to  react  totally  with 
that  analyte.  The  obvious  indication  of  this  problem  is  that  changes  in  sample 
concentration  do  not  change  the  observed  peak  heights.  This  problem  can  be  handled 
by  using  the  manifold  for  dilution  or  by  using  a  gradient  technique  (Chapter  7). 

In  conclusion,  the  basic  modes  are  single  line  and  multiple  line  systems  where  the 
reagent  and/or  carrier  streams  are  continuously  pumped.  The  sample  is  injected  into  the 
system  in  such  a  way  as  to  ensure  complete  physical  mixing  and  adequate  reagent  supply. 
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5.3  SPECIAL  MODES,  ONE  PUMP 

There  are  four  special  modes  in  which  only  one  pump  is  required,  namely  merging 
zones,  reverse  flow,  split  loop  injection,  and  stopped-flow.  In  each  case,  there  are  specific 
practical  reasons  for  these  design  modifications.  The  first  of  these  practical  reasons  is 
if  the  cost  of  the  reagent  is  significant.  Therefore,  the  design  of  the  manifold  must  be 
made  so  that  reagent  consumption  is  minimized.  How  can  this  requirement  be  met?  The 
immediate  thought  is  to  immobilize  the  reagent  onto  a  packing  material  or  membrane. 
This  has  been  demonstrated  as  being  effective.  However,  the  disadvantages  are  that  the 
immobilization  requires  lengthy  preparation  and  may  cause  loss  of  reactivity.  Such  is 
often  the  case  with  enzymes.  A  further  disadvantage  is  that  the  immobilized  reagent  can 
be  poisoned  by  certain  samples.  Is  there  a  way  to  conserve  reagent  using  a  special  FIA 
mode  or  manifold?  One  common  approach  is  a  technique  called  merging  zones. 

The  principle  behind  merging  zones  is  shown  in  Fig.  5.6a-c.  In  two  separate  tubes, 
one  reagent  and  one  sample  plug  are  injected,  see  Fig.  5.6a.  These  plugs  move  down  the 
tube  to  the  intersection  of  the  tubes  where  they  begin  to  merge,  see  Fig.  5.6b.  Finally,  S 
and  R  mix  and  react  and  the  detected  species,  RS,  which  is  surrounded  by  C,  is  brought 
to  the  detector,  see  Fig.  5.6c. 


C 


Fig.  5.6.  Depiction  of  the  merging  zone  principle,  a)  reagent  and  sample  plug  before 
mixing,  b)  reagent  and  sample  plug  at  point  of  merge,  and  c)  reaction  product,  RS, 
bracketed  by  carrier,  C.  R  =  reagent,  S  =  sample. 
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Complete  mixing  is  created  by  the  coil  which  is  placed  after  the  connector.  This 
design  is  the  same  as  the  basic  multiple  line  system,  except  that  the  reagent  is  not 
continuously  pumped  but  introduced  as  a  discrete  zone.  The  timing  must  be  perfect  and 
the  reagent  volume  slightly  larger  than  the  sample  volume  in  order  to  ensure  effective  and 
reproducible  results.  One  way  of  accomplishing  merging  zones  is  shown  in  Fig.  5.7. 


Fig.  5.7.  Manifold  for  merging  zones.  C  =  carrier,  S  =  sample,  R  =  reagent, 
DET  =  detector,  W  =  waste. 


A  second  approach  Is  to  utilize  reverse  flow  injection  analysis  (rFIA).  In  rFIA  the 
reagent  is  injected  and  the  sample  and  carrier  are  continuously  pumped.  The  assumption 
when  using  this  method  is  that  this  application  is  only  practical  when  the  amount  of 
sample  available  Is  large.  This  was  the  case  with  an  FIA  system  used  on  board  a  ship  to 
examine  ocean  water  chemistry  (1).  The  design  of  such  a  system  is  shown  in  Fig.  5.8. 


Fig.  5.8.  Manifold  for  reverse  FIA.  C  =  carrier,  S  =  sample,  R  =  reagent, 
DET  =  detector,  W  =  waste. 
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A  third  option  is  split  loop  injection.  This  technique  is  a  combination  of  injection 
and  the  chasing  zones  principle  (Chapter  7).  The  hardware  set-up  is  shown  in  Fig.  5.9. 
The  principle  is  that  the  normal  sample  loop  is  divided  into  two  sections  (1  and  2)  which 
share  a  common  waste  outlet.  With  the  valve  in  the  fill  position,  see  Fig.  5.9a,  both 
reagent  and  sample  solutions  are  simultaneously  aspirated  by  the  pump,  filling  tubing 
sections  1  and  2,  respectively.  When  the  valve  turned,  see  Fig.  5.9b,  sections  1  and  2  are 
inserted  into  the  carrier  stream  and  will  be  brought  to  the  manifold  of  the  FIA  system. 
Thus,  both  zones  proceed  down  the  tubing  with  the  sample  chasing  the  reagent  (the 
opposite  situation  is  also  acceptable).  The  dimensions  of  the  manifold  determine  the 
amount  of  dispersion  for  the  two  zones  and  therefore,  the  amount  of  overlap  before  the 
detector  is  reached. 


a 


vftdte 


Fig.  5.9.  Depiction  of  the  split  loop  injection  technique.  For  details,  see  text. 
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An  additional  modification  of  this  approach  is  shown  in  Fig.  5.10.  Both  sample  and 
reagent  are  simultaneously  aspirated  or  pumped  into  the  tubing  section  labeled  as  1  (Fig. 
5.10a).  The  volume  ratio  between  sample  and  reagent  solutions  is  determined  by  the  flow 
rates  Fr  and  Fs.  The  injector  is  turned  and  the  premixed  section  of  solution  is  inserted  into 
the  carrier  stream.  The  amount  of  reagent  solution  is  controlled  by  the  flow  rate  ratio. 
Other  variations  based  upon  this  approach  are  also  possible. 
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carrier  manifold 
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Fig.  5.10.  Modified  split  loop  injection  technique.  For  details,  see  text. 


With  the  split  loop  approach  the  amount  of  reagent  used  is  dependent  on  the 
tubing  diameter  and  the  flow  rate.  By  cleverly  manipulating  these  parameters, 
conservation  of  the  reagent  can  be  achieved.  Whether  split  loop  injection  is  better  than 
the  merging  zone  approach  is  difficult  to  state.  However,  the  decision  may  be  made  based 
on  the  availability  of  equipment.  If  one  pump  and  one  injector  are  available,  then  split 
loop  injection  would  be  the  technique  to  use.  If  one  pump  and  two  injectors  are  available 
merging  zones  is  possible.  Two  pumps  and  one  injector  would  make  the  merging  zone  - 
intermittent  pumping  technique  discussed  in  Chapter  5.4,  possible. 

One  final  mode,  which  has  nothing  to  do  with  reagent  conservation,  should  be 
briefly  mentioned  in  this  section,  stopped  flow.  It  is  desirable  to  stop  both  carrier  and 
reagent  streams  in  the  detector  cell  or  before  the  cell.  Stopping  the  sample  zone  in  the 
cell  allows  for  the  observation  of  the  degree  of  reaction  completion.  Stopping  the  sample 
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zone  before  the  cell  increases  residence  time  and  therefore  reaction  time  without  adding 
dispersion.  In  Fig.  5.11  three  situations  are  depicted.  The  "a"  line  represents  a  situation 
in  which  the  reaction  is  not  complete  at  the  time  when  the  flow  is  stopped.  This  suggests 
that  the  reaction  coils  should  be  lengthened  or  the  flow  rate  decreased  in  order  to 
increase  reaction  time.  There  is  one  caution  at  this  point.  It  should  be  determined 
whether  the  observed  increase  is  due  to  the  analyte/reagent  reaction  or  some 
photoinduced  reaction.  This  can  be  accomplished  in  part  by  stopping  the  flow  before  the 
sample  zone  is  in  the  cell  and  observing  any  change  in  signal  due  to  the  reagent  and 
carrier.  If  no  change  in  signal  is  observed,  no  photoinduced  reaction  occurs.  The  "b"  line 
shows  that  the  reaction  is  complete.  The  "c“  line  suggests  that  something  in  the  system 
is  decreasing  the  concentration  of  RS,  the  detected  species.  This  could  be  due  to  a 
chemical  side  reaction  or  merely  decomposition  of  the  reaction  product,  RS. 

Stopped-flow  has  many  other  possibilities  which  will  be  discussed  in  Chapter  7. 

STOP  PERIOD 

SIGNAL 


TIME 


Fig.  5.11.  Signal  from  a  stopped  flow  system,  a)  reaction  not  complete  or  additional 
reactions  occurring,  b)  reaction  complete,  and  c)  decomposition  or  quenching  occurring. 


5.4  SPECIAL  MODES,  TWO  PUMPS 

Special  modes  that  use  two  pumps  can,  for  the  most  part,  can  categorized  as 
intermittent  pumping  techniques.  The  general  categories  include  sample  and  reagent 
conservation,  washing  and  conditioning,  injection,  and  dilution.  At  some  step  in  a  two 
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pump  method,  one  of  the  pumps  is  off  while  the  other  remains  on  or  is  turned  on.  If  both 
are  turned  off  simultaneously,  then  this  is  the  stopped-flow  mode.  The  two  separate  pump 
systems  are  programmed  independently  to  produce  the  desired  pumping  cycle. 

The  first  case  is  where  the  amount  of  sample  is  small.  How  can  two  pumps  be 
used  to  conserve  sample?  If  one  pump  is  used  exclusively  to  aspirate  sample,  it  can  be 
turned  off  to  save  sample  after  the  sample  loop  has  been  filled.  Therefore,  the  other 
pump  is  used  to  control  the  continuous  flow  of  the  reagent  and  carrier  streams.  Such  a 
system  is  shown  in  Fig.  5.12.  The  important  point  is  to  minimize  the  amount  of  tubing 
from  the  sample  to  the  sample  loop  of  the  injector.  Enough  time  must  be  allotted  to  not 
only  fill  the  loop  but  to  ensure  no  sample  carry-over.  If  this  technique  is  used  in 
conjuction  with  an  automated  sampler,  the  tubing  and  sample  loop  can  be  washed  out 
with  water.  The  same  thing  can  be  done  without  a  sampler  if  an  additional  valve  is  used. 


w 


Fig.  5.12.  Diagram  of  an  intermittent  pumping  manifold.  C  =  carrier,  S  =  sample, 

R  =  reagent,  DET  =  detector,  W  =  waste. 

The  next  situation  is  where  the  reagent  is  expensive  and  needs  to  be  conserved. 
How  can  a  multiple  line  system  be  modified  in  order  to  provide  for  reagent  conservation 
using  two  pumps?  An  option  is  to  incorporate  two  pumps  and  have  the  reagent 
intermittently  pumped  into  the  mainstream  at  the  time  that  the  sample  zone  passes  the 
connection  point.  This  is  another  form  of  merging  zones,  see  Fig.  5.6.  The  carrier  is 
continuously  flowing,  but  the  reagent  line  is  activated  only  when  the  sample  zone  is 
approaching  the  connection  between  sample  and  reagent.  The  reagent  is  then  added  to 
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the  sample  zone  much  like  butter  to  bread.  This  buttering  approach  will  conserve  reagent 
and  can  be  optimized  in  terms  of  time  to  improve  the  signal. 

From  time  to  time  it  becomes  necessary  to  wash  and/or  recondition  the  system. 
This  can  be  accomplished  with  intermittent  pumping.  Many  times  an  additional  valve  or 
a  two  channel  valve  is  necessary.  For  example,  an  FIA  system  which  has  an  ion  exchange 
resin  in  a  packed  bed  reactor  would  have  to  have  a  reconditioning  cycle  for  the  ion 
exchange  resin.  If  the  packed  bed  reactor  is  placed  in  the  valve  where  a  sample  loop  is 
normally  located,  the  valve  and  intermittent  pumping  can  be  coupled  to  produce  a  rapid 
system.  Fig.  5.13  shows  this  system. 


on 


a 


off 


Fig.  5.13.  Manifold  design  for  regeneration  and  elution  of  a  column  or  packed  bed. 

S  =  sample,  DET  =  detector,  W  =  waste,  a)  preconcentration  step,  and  b)  elution  step. 


The  sample  is  aspirated  and  the  carrier  and  reagents  are  continuously  pumped  by 
pump  one.  The  analyte  ions  are  captured  on  the  ion  exchange  resin.  The  valve  is  turned 
as  pump  one  stops  and  pump  two  starts.  The  reverse  flow  through  the  column  reduces 
band  broadening.  The  eluting  solution  also  reconditions  the  column.  After  the  peak  is 
detected  the  valve  turns  as  pump  two  stops  and  pump  one  starts.  A  new  sample  can  now 
be  injected. 

Concern  has  been  expressed  over  the  long  term  reliability  of  injectors.  For  the 
most  part,  this  concern  is  unwarranted.  But  is  there  an  alternative  way  to  inject  a  sample 
without  an  injection  valve?  With  two  pumps  it  is  possible  to  inject  a  definite  volume  of 
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solution,  reagent  or  sample,  into  an  FI  A  system.  Fig.  5.14  is  the  schematic  diagram  of 
such  a  system.  The  point  of  interest  is  the  area  between  points  a  and  b.  When  pump  1 
is  running  and  pump  2  is  off,  the  FIA  system  is  a  normal  one  reagent  system  but  without 
an  injector.  If  pump  1  is  turned  off,  and  the  waste  line  is  fed  back  through  the  pump  in 
order  to  block  the  flow  path,  the  tubing  segment  between  a  and  b  can  be  filled  by  starting 
up  pump  2.  When  pump  2  is  stopped  and  pump  1  is  started,  the  trapped  segment  of 
sample  is  injected  into  the  system.  This  approach  is  called  hydrodynamic  injection. 

At  first  glance  it,  would  seem  that  this  approach  to  sample  injection  would  be  less 
precise.  However,  hydrodynamic  injection  is  very  precise  since  the  basic  principles  of  FIA 
are  not  violated.  The  tubing  segment  does  not  change  size,  therefore  the  volume  is 
constant.  Pump  on/pump  off  timing  is  critical.  The  fill  cycle  for  the  tubing  segment  is 
governed  by  its  volume. 


Fig.  5.14.  Manifold  design  for  sample  injection  with  two  pumps,  hydrodynamic  injection. 
C  =  carrier,  R  =  reagent,  S  =  sample,  DET  =  detector,  W  =  waste.  The  “injection 
loop"  is  situated  between  a  and  b. 


There  are  other  manifold  designs  that  can  be  used  for  hydrodynamic  injection. 
However,  in  all  hydrodynamic  injection  manifolds,  careful  attention  to  flow  rates  is  critical. 
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5.5  DILUTION  MODES 

As  a  rule,  the  standard  multiple  line  manifolds  will  have  a  dispersion  coefficient,  D, 
of  2  -  6.  How  can  dispersion  coefficients  of  between  10  -  30,  20  -  500,  and  50  *  7000  be 
achieved  without  using  a  gradient  chamber?  Dilutions  of  1 0  -  30  can  be  achieved  most 
conveniently  by  using  the  manifold  shown  in  Fig.  5.15. 


Fig.  5.15.  Manifold  design  for  sample  splitting.  DET  =  detector,  S  =  sample,  W  =  waste. 
30/0.5  and  60/0.5  denote  a  30  cm  and  a  60  cm  long  coil,  respectively,  both  with  an  i.d. 
of  0.5  mm. 


The  sample  splitting  method  shown  is  accomplished  by  drawing  off  a  portion  of  the 
injected  sample.  In  this  case  the  flow  rate  of  the  carrier  stream  is  0.8  ml/min  while  the 
waste  is  withdrawn  at  0.6  ml/min.  Table  5.1  presents  the  observed  dispersion  coefficients 
range  from  7-32  depending  on  the  flow  rates  and  the  injection  volume.  After  the  dilution 
a  normal  manifold  design  is  used  for  chemistry,  in  this  case  a  two  reagent  system. 
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TABLE  5.1 

Sample  splitting  data  for  dispersion  coefficient,  precision,  and  residence  time  with  different 
injection  volumes. 


c 

ml/min* 

Waste 

ml/min* 

Injection  volume 

Al 

D 

r.s.d. 

% 

Residence  lime 

sec/sample 

0.8 

0.6 

40 

32 

1.3 

35 

0.8 

0.6 

100 

18 

0.7 

45 

0.8 

0.6 

200 

13 

<0.5 

55 

1.2 

0.8 

40 

19 

1.0 

30 

1.2 

0.8 

100 

9 

1.1 

40 

1.2 

0.8 

200 

7 

<0.5 

50 

*  All  flow  rates  are  nominal.  The  actual  flow  rates  are  slightly  lower  throughout. 


For  dispersion  coefficients  ranging  from  20  -  500,  the  technique  of  zone  sampling 
is  appropriate.  The  manifold  for  zone  sampling  is  shown  in  Fig.  5.16. 


w 


w 


Fig.  5.16.  Manifold  design  for  zone  sampling.  S  =  sample,  DET  =  detector,  W  =  waste. 
60/0.7  and  60/0.5  denote  60  cm  long  coils,  the  first  one  with  an  i.d.  of  0.7  mm  and  the 
second  one  with  an  i.d.  of  0.5  mm. 
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The  sample,  in  this  case  40  p\,  is  injected  into  the  carrier  stream,  Fig.  5.17a,  and 
is  dispersed  by,  for  instance,  a  60/0.7  mixing  coil  before  it  enters  the  second  injection 
loop.  The  resulting  axial  concentration  relationship  between  C  and  S  is  illustrated  in  Fig. 
5.17b.  When  the  injector  returns  to  the  fill  position,  a  portion  of  the  dispersed  sample  is 
reinjected  into  a  second  carrier  stream,  Fig.  5.17c.  Now,  any  desired  chemistry  can  be 
induced  by  the  usual  addition  of  reagents.  The  two  injection  volumes  are  hereinafter 
called  V1  and  V2. 


Fig.  5.17.  Depiction  of  axial  sample  dispersion  under  zone  sampling  conditions. 
C  =  carrier,  S  =  sample.  For  details,  see  text. 


Table  5.2  shows  the  effect  of  variations  the  two  injection  volumes  V1  and  V2  while 
Table  5.3  shows  the  effects  of  variations  in  injection  time. 

TABLE  5.2 

Variations  in  injection  volumes  using  zone  sampling.  Flow  rates:  C1  =  1.1  ml/min, 

C2  =  0.7  ml/min,  R  =  1.8  ml/min.  Injection  time  =  14  sec. 


Injection  volumes 

Ml 

V,  V2 

Dispersion 

coefficient 

r.s.d. 

% 

40 

40 

35 

2.8 

40 

100 

29 

1.8 

40 

200 

27 

1.2 

100 

100 

18 

0.8 

200 

40 

22 

5.3 
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As  can  be  seen  in  Table  5.2  only  a  small  change  of  D  can  be  achieved  by  varying 
the  injection  volumes  when  using  the  zone  sampling  technique. 

Table  5.3  shows  the  dramatic  effect  that  variation  of  the  injection  time  has  on  the 
dispersion  coefficient.  The  only  negative  effect  is  that  as  the  dilution  increases  the 
precision  attributed  to  the  dilution  step  decreases.  However,  it  should  be  realized  that  if 
a  5400  fold  dilution  were  to  be  performed  manually,  the  overall  error  due  to  the  volumetric 
glassware  could  create  comparable  r.s.d.  values. 

TABLE  5.3 

Variations  in  injection  time  using  zone  sampling.  Flow  rates:  C,  =  1.9  ml/min, 

C2  =  1.8  ml/min,  R  =  1.8  ml/min.  Injection  volumes:  V,  =  V2  =  40  n\ 


Injection  time 

sec 

D 

r.s.d. 

% 

8 

23 

1.2 

12 

78 

1.2 

15 

410 

2.1 

20 

5400 

4.6 

The  two  techniques  of  sample  splitting  and  zone  sampling  can  also  be  combined. 
This  is  shown  in  Fig.  5.18.  Sample  splitting  is  accomplished  first  and  then  zone  sampling. 
At  carrier  flow  rates  of  1.1  ml/min,  reagent  flow  rates  of  1.9  and  0.7  ml/min  for  R,  and 
R2,  respectively,  and  split  flow  rates  to  waste  of  0.7  ml/min,  a  15, 25,  and  29  sec  injection 
time  produced  190,  1200,  and  5000  dispersion  coefficient  values  and  3.7,  1.2  and  5.4  % 
r.s.d.  values,  respectively. 


Fig.  5.18.  Manifold  combining  sample  splitting  and  zone  sampling  for  a  two  reagent 
system.  S  =  sample,  DET  =  detector,  W  =  waste.  20/0.5  denotes  a  20  cm  long  coil 
with  an  i.d.  of  0.5  mm  (dimensions  denoted  correspondingly  for  the  other  coils). 
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For  dispersion  coefficients  of  50  -  7000,  the  reverse  set  up  would  be  desirable.  The 
manifold  for  this  type  of  operation  is  shown  in  Fig.  5.19  while  Table  5.4  displays  some 
typical  results  for  this  type  of  system. 


Fig.  5.19.  Manifold  combining  zone  sampling  and  sample  splitting.  S  =  sample, 

DET  =  detector,  W  =  waste.  60/0.7  and  60/0.5  denote  60  cm  long  coils  with  an  i.d.  of 
0.7  and  0.5  mm,  respectively. 

TABLE  5.4 

Zone  sampling  followed  by  sample  splitting.  Flow  rates:  C,  =  1.9  ml/min, 

R  =  1.8  ml/min.  Injection  volumes:  V,  =  V2  =  40  pi. 


C2 

ml/min 

Waste  flow 

ml/min 

Injection  time 

sec. 

D 

r.s.d. 

% 

1.8 

0.7 

8 

50 

2.1 

1.1 

0.7 

12 

390 

2.7 

0.7 

0.6 

15 

1360 

8.4 

0.8 

0.6 

18 

6900 

3.6 

As  can  be  seen  in  Table  5.4,  when  the  flow  rates  of  C2  and  the  split  flow  to  waste 
are  too  close,  large  r.s.d.  values  result.  However,  the  last  entry  in  the  Table  dramatically 
shows  how  the  combined  techniques  can  be  used  to  obtain  large  dilutions  with  acceptable 
r.s.d.  values. 
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5.6  REVERSE  FLOW,  FLOW  INJECTION  ANALYSIS. 

The  last  special  case  to  be  mentioned  is  reverse  flow,  flow  injection  analysis,  which 
is  in  its  infancy.  In  this  technique  the  flow  direction  of  the  flow  streams  are  reversed  from 
time  to  time.  The  idea  is  that  the  flow  reversals  will  maximize  residence  time  or  contact 
time  with  a  reactor  or  separator  while  minimizing  dispersion.  Only  a  few  limited  examples 
have  been  given  in  the  literature  at  this  time,  however  the  technique  should  be  kept  in 
mind  as  one  to  watch. 

One  example  would  be  an  in-line  filter  manifold,  see  Fig.  5.20.  In  this  application, 
the  reverse  flow  serves  the  purpose  of  backflushing  the  in-line  filter.  The  sample  is 
injected  and  merged  with  the  reagent  passing  through  the  mixing  coil.  Next,  the  sample 
is  passed  through  an  in-line  filter.  The  sample,  then,  enters  the  detector.  Before  the 
sample  starts  to  leave  the  detector,  pump  1  is  stopped  and  pump  2  starts,  thereby 
reversing  the  flow  through  the  detector  and  the  in-line  filter.  The  back  flushing  of  the  filter, 
reconditions  the  filter  for  the  next  determination. 
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Fig.  5.20.  Manifold  for  a  reverse  flow,  flow  injection  analysis  with  an  in-line  filter. 
C  =  carrier,  R  =  reagent,  S  =  sample,  DET  =  detector,  w  =  waste. 


The  observed  peak  is  different  from  the  normal  FIA  peak.  Since  the  tailing  section 
of  the  dispersed  sample  zone  never  passes  through  the  detector,  the  detector  response 
is  symmetrical.  What  went  in  comes  right  back  out!  Other  practical  reasons  for  reverse 
flow  FIA  will  undoubtedly  be  seen  in  the  future. 
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CHAPTER  6 

SELECTIVITY  ENHANCEMENT,  MATRIX  MODIFICATION 
AND  CONVERSION  TECHNIQUES 


6.1  INTRODUCTION 


Selectivity  is  the  ability  of  a  method  or  instrument  to  specifically  determine  an 
analyte  in  the  presence  of  a  specified  set  of  interferents.  The  method  development 
process  is  an  exercise  in  creating  the  desired  selectivity,  selectivity  enhancement,  to  meet 
the  stated  method  criteria.  To  achieve  such  enhancements,  reagents,  specific  detectors, 
separations  and  kinetics  have  all  been  used.  However,  if  the  ultimate  objective  of  the 
method  is  for  rapid,  automatic  and  continuous  determinations  an  additional  constraint, 
simplicity,  is  placed  on  the  ideal  method.  Therefore,  in  many  cases,  chromatographic 
separations  are  too  time  consuming  and  selective  detectors,  such  as  ion  selective 
electrodes  and  atomic  spectroscopy,  are  much  too  limited  in  their  applicability. 

Selectivity  enhancement  in  FIA  is  accomplished  by  using  separation,  matrix 
modification  and  conversion  techniques  alone  or  in  combination.  Matrix  modification  is 
the  common  term  for  a  wide  range  of  methods  and  techniques  which  can  be  performed 
in  an  FIA  system.  In  Fig.  6.1,  a  simplified  overview  is  presented. 

Techniques  based  on  "conversion”  are  very  commonly  applied  in  FIA  systems  and 
refer  to  analyte  conversion.  The  analyte  is  converted  to  a  species  which  can  be  more 
selectively  sensed  by  the  detector.  For  this  purpose  reagents  can  be  added  in  confluent 
streams.  Conversion  can  also  take  place  in  a  small  columns  placed  in  the  FIA  system. 
The  columns  may  contain  immobilized  reagents  such  as  enzymes,  catalysts  or 
reducing/oxidizing  agents.  When  several  matrix  modification  and  analyte  conversion  steps 
are  performed  in  an  FIA  system  the  total  selectivity  enhancement  accomplished  will  be  the 
product  of  all  the  individual  enhancements  obtained  in  each  step,  i.e.,  the  effect  is 
multiplicative. 

This  chapter  describes  the  most  commonly  used  matrix  modification  techniques  in 
FIA  systems  and  also  the  special  case  of  analyte  conversion  performed  in  in-line  columns. 
The  ultimate  objective  with  these  techniques  is  to  accomplish  selectivity  enhancement 
which,  most  frequently,  is  identical  with  improving  the  signal  to  noise  ratio.  As  a  general 
rule,  analyte  conversion  increases  the  signal  while  matrix  modification  reduces  the  noise 
produced  by  the  detector. 
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Fig.  6.1.  Schematic  presentation  of  matrix  modification  techniques.  A(L1)  =  analyte  in 
liquid  phase  1,  A(L2)  =  analyte  in  liquid  phase  2,  A(G)  =  gaseous  analyte, 

C18  =  C10  column. 


6.2  LIQUID-LIQUID  EXTRACTION 

Manual,  batch  process  liquid-liquid  extraction  is  a  tedious  procedure  and  many 
efforts  have  consequently  been  made  to  bring  about  mechanization  of  this  procedure.  The 
classical  batch  approach  needs  no  further  explanation,  while  liquid-liquid  extractions  in 
continuous  flow  systems  require  some  comments.  Two  immiscible  phases  are  brought 
together  in  a  narrow  tube  in  a  controlled  manner  so  that  defined  segments  of  each  phase 
are  formed.  The  choice  of  tubing  material,  tubing  dimensions  and  mixing  geometry  is 
critical  for  the  final  result.  In  the  extraction  tube,  often  coiled,  the  contact  area  between 
the  two  phases  is  large.  The  ratio  between  the  tube  area  and  the  tube  volume  is  also 
large.  In  the  extraction  vessel  used  in  the  batch  method  the  corresponding  ratios  are 
much  lower.  Consequently,  if  the  vessel  material  used  to  accommodate  the  two  liquid 
phases  in  any  way  is  involved  in  the  analyte  transfer  process,  this  would  have  a  larger 
influence  in  continuous  flow  extractions  than  in  batch  extractions. 

The  phase  separator  in  a  continuous  flow  system  is  designed  to  handle  small 
volumes  of  either  phase  so  that  segments  of  the  same  phase  are  joined  and  completely 
separated  from  the  segments  of  the  other  phase.  The  volume  of  the  separator  is  often 
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small  to  prevent  dilution  of  the  sample  or  to  prevent  deterioration  of  the  original 
concentration  gradient  of  the  sample. 

The  classical  air-segmented  analyzers  had  been  used  to  perform  liquid-liquid 
extraction  long  before  the  first  FIA  system  was  designed  for  the  same  purpose.  A  typical 
air-segmented  system  is  shown  in  Fig.  6.2.  The  sample  is  pumped  through  the  pump, 
segmented  with  air,  mixed  with  an  aqueous  reagent  and  segmented  with  an  organic  phase. 
The  air  and  the  aqueous  phase  are  removed  before  detection.  The  extraction  coil  material 
is,  in  most  cases,  glass.  If  a  narrow-bore  PTFE  coil  is  used,  a  backpressure  is  easily  built 
up  due  to  the  compressibility  of  the  air  segments. 
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Fig.  6.2.  Principle  for  liquid-liquid  extraction  in  an  air-segmented  flow  analysis  system. 

S  =  sample  (aqueous),  I  =  aqueous  reagent,  II  =  organic  phase,  DET  =  detector. 

The  first  continuous  flow  system  for  liquid-liquid  extractions  based  on  the  flow 
injection  principle  was  published  in  1978  (1).  The  principle  is  shown  in  Fig.  6.3. 
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Fig.  6.3.  Principle  for  liquid-liquid  extraction  based  on  flow  injection.  I  =  aqueous  phase, 
II  =  organic  phase,  S  =  sample,  DET  =  detector.  Broken  line  denotes  addition  of  an 
optional  reagent  to  the  aqueous  phase. 
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A  defined  volume  of  the  sample  is  injected  into  a  carrier  (or  reagent)  stream  which 
is  segmented  with  an  immiscible  solvent.  Extraction  takes  place  in  a  narrow-bore  PTFE 
tube  (i.d.  typically  0.5  mm).  The  second  phase,  now  containing  the  extracted  analyte,  is 
separated  from  the  first  phase  and  transported  to  the  flow  through  detector.  Common  for 
both  extraction  manifolds  (Figs.  6.2  and  6.3)  is  that  the  detector  is  implemented  in-line. 

In-line  detection  is,  of  course,  the  most  elegant  way  of  detection  when  a  high 
degree  of  mechanization  of  the  entire  analytical  procedure  is  desired.  However,  some  in¬ 
line  detectors  are  not  easily  added  to  an  FIA  system.  The  extraction  manifolds  can 
nevertheless  be  used  as  sample  work-up  systems.  Fig.  6.4  shows  the  principle  for  a  flow 
injection  extraction  system  with  off-line  detection. 
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Fig.  6.4.  Principle  for  liquid-liquid  extraction  in  a  flow  injection  system  with  off-line 
detection.  I  =  aqueous  phase,  II  =  organic  phase,  S  =  sample,  DET  =  detector. 


An  exact  volume  of  sample  is  injected  into  the  system.  The  entire  extracted  analyte 
is  collected  in  a  small  vessel,  diluted  to  a  known  volume  and  subsequently  delivered  to 
the  detector.  Using  the  manifold  in  Fig.  6.2  the  sample  collection  step  becomes  more 
critical.  A  known  volume  of  the  sample  can  be  pumped  through  the  system  and 
completely  collected.  Alternatively,  a  known  volume  of  the  sample  Is  collected  during  the 
"steady-state  period".  What  is  meant  by  that? 

In  an  air-segmented  system  the  extraction  does  not  reach  steady  state  until  a 
defined  concentration  level  of  analyte  has  been  attained.  Therefore,  collection  of  the 
organic  phase  cannot  be  started  until  this  level  has  been  reached.  Dilution  to  a  known 
volume  is  not  necessary  in  this  case. 

Analyte  enrichment/preconcentration  is  one  objective  when  performing  liquid-liquid 
extractions.  In  the  batch  approach  small  volumes  of  organic  phase  can  be  combined  with 
large  volumes  of  the  aqueous  sample  provided  that  the  shaking  is  efficient.  Could  this 
be  done  in  a  continuous  flow  system?  Yes,  a  certain  variation  of  the  phase  volume  ratio 
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is  possible  but  nevertheless  limited  to  about  0.1-10  and  only  really  practical  in  the  range 
0.25  -  4,  i.e.  a  four  fold  difference  in  flow  rate  between  the  organic  and  aqueous  phases 
is  possible.  Now,  assume  that  a  four  fold  enrichment  is  desired  for  an  aqueous  sample 
and  that  an  AAS  detector  is  to  be  used  for  analyte  detection  of  organic  phase.  This 
detector  requires  a  flow  rate  of  about  3  -  5  ml/min  if  an  organic  carrier  is  utilized.  This 
means  that  the  flow  rate  of  the  aqueous  phase  must  be  at  least  in  the  range  of  12  -  20 
ml/min.  Such  flow  rates  are  not  practical.  One  way  of  solving  the  problem  is  to  integrate 
two  flow  systems,  one  "low"  flow  rate  system  and  one  "high"  flow  rate  system  as  shown 
in  Fig.  6.5. 


Fig.  6.5.  Integration  of  two  flow  systems:  the  upper  one  is  used  for  the  extraction  and  the 
lower  one  is  the  detector  feed  system.  S  =  sample,  I  =  aqueous  phase,  II  =  organic 
phase,  DET  =  detector. 


This  approach  was  applied  by  Nord  and  Karlberg  (2)  who  extracted  copper  from 
an  aqueous  sample  into  methyl  isobutyl  ketone,  M1BK,  using  APDC  as  a  complexation 
reagent.  The  MIBK  phase  was  separated  and  a  portion  was  injected  into  an  aqueous 
stream  which  was  pumped  into  an  atomic  absorption  spectrophotometer. 

The  manifold  designs  in  Figs.  6.2  -  6.5  cover  the  majority  of  possibilities  described 
in  the  literature  but  far  from  all  the  possibilities  which  do  exist  for  liquid-liquid,  continuous 
flow  extractions.  Back-extractions,  for  example,  require  additional  manifold  components 
to  be  added.  Recirculation  of  one  phase  can  be  performed  (3).  In-line  filters,  ion 
exchange  packed-bed  reactors  and  solid  chelate  columns  can  also  be  implemented. 
Components  to  be  used  for  flow  injection  extraction  have  to  be  selected  with  care,  see 
Chapter  3. 

Since  small  sample  volumes  are  employed  in  FiA,  a  fundamental  question  is  -  what 
price  has  to  be  paid  with  respect  to  dilution  or  loss  in  sensitivity  in  comparison  with 
batchwise  treatment?  Several  system  parameters  influence  the  "dilution":  sample  volume, 
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coil  length  and  diameter,  number  and  nature  of  merging  streams,  flow  velocity  and 
geometry,  etc.  General  guidelines  for  system  design  to  control  sample  dispersion  in 
single-phase  systems  have  been  treated  in  detail  in  Chapters  2  and  5.  Most  of  these 
guidelines  are  valid  also  for  two-phase  systems  but  additional  aspects  appear.  For  simple 
manifolds  the  "dilution  loss  factor”  might  amount  to  3  -  4  for  a  sample  volume  of  40  pi,  i.e., 
the  analytical  signal  is  a  factor  3-4  lower  for  the  flow  process  in  comparison  with  the 
batch  process. 

What  is  causing  the  analyte  dispersion  in  a  flow  injection  extraction  system?  To 
answer  this  question  a  fundamental  study  of  the  segmented  stream  in  the  extraction  coil 
is  necessary,  it  has  been  shown  that  organic  solvents  form  a  film  in  the  PTFE  extraction 
coil  and  that  the  properties  of  this  film  is  vital  for  the  extraction  process  (4). 

The  film  thickness  is  typically  0.03  mm  for  the  pentanol/water  system  at  a  linear 
flow  velocity  of  5  cm/sec.  The  film  thickness  increases  linearly  with  the  linear  flow 
velocity.  The  thickness  of  the  film  further  depends  on  the  nature  of  the  organic  solvent. 
More  specifically,  the  ratio  between  the  viscocity,  n  ,  and  the  interfacial  tension,  7  ,  of 
the  solvent  can  be  used  as  a  quantitative  estimate  when  comparing  different  solvents.  A 
thin  film  is  characterized  by  a  low  n/y  ratio.  Since  the  organic  phase  forms  a  film  on 
the  PTFE  tube  wall,  all  aqueous  segments  will  be  surrounded  by  organic  phase.  The 
analyte  species  present  in  an  aqueous  segment  may  then  enter  either  into  the  film  region 
or  directly  into  the  bulk  region  of  the  organic  phase. 

Fig.  6.6  shows  the  intrasegmental  mixing  pattern  and  the  film  formation  in  a  PTFE 
tube.  The  intrasegmental  mixing  is  extremely  efficient  with  respect  to  time. 
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Fig.  6.6.  Mixing  pattern  of  a  segmented  stream  in  a  PTFE  tube. 


If  an  analyte  species  first  enters  the  film  region,  its  linear  flow  velocity  slows  down 
due  to  the  stagnant  nature  of  the  film.  Eventually,  it  may  migrate  into  the  bulk  region  of 
an  organic  segment  passing  by  the  film  region.  If  this  latter  migration  step  is  delayed  so 
that  several  segments  of  organic  phase  pass  by  before  the  analyte  species  finally  leaves 
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its  position  at  the  tube  wall,  analyte  dispersion  results.  Assuming  that  extraction  takes 
place  from  an  aqueous  phase  to  an  organic  phase,  the  analyte  is  originally  present  in  a 
limited  number  of  aqueous  segments  in  the  extraction  system  since  a  limited  amount  of 
sample  has  been  injected.  The  decrease  in  linear  flow  rate  caused  by  the  Intermediate 
residence  of  the  analyte  in  the  organic  film  will  then  cause  increased  axial  distribution; 
thus  decreasing  the  analyte  concentration  in  each  organic  segment  leading  to  a  less 
sensitive  method.  A  thin  film  causes  less  axial  distribution  in  comparison  with  a  thick  film. 
This  is  due  to  the  decreased  residence  time  for  the  analyte  species  in  the  organic  film 
which  in  turn  depends  on  the  shorter  migration  distances  in  the  thin  film. 

Fig.  6.7  illustrates  the  process  described  above. 
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Fig.  6.7.  Analyte  concentration  in  the  film  region,  at  different  times,  1-5.  A,  B  and 
C  are  aqueous  segments  passing  by  the  observation  area  denoted  by  broken,  vertical 
lines,  a  is  the  analyte  concentration  originating  from  segment  A,  6  originates  from 
segment  B.  For  details,  see  text. 


At  time  "1"  the  aqueous  segment  A  is  about  to  enter  the  observation  region  marked 
by  two  broken  vertical  lines.  The  concentration  of  analyte,  extracted  from  the  aqueous 
to  the  organic  phase,  increases  in  the  organic  film  region  at  time  “2"  up  to  a  maximum 
(time  "3").  When  the  A  segment  has  left  the  observation  region  the  analyte  in  the  film  can 
enter  the  bulk  of  the  organic  phase  by  diffusion  and  convection  processes.  As  a 
consequence,  the  analyte  concentration,  in  the  film  region  drops  (time  "4")  but  there  may 
still  be  excessive  analyte  material  left  in  the  film  region  when  the  next  aqueous  segment 
(B)  approaches  (time  ''5").  Analyte  material  originating  from  segment  A  may  be  present 
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not  only  in  the  organic  phase  segments  between  A  and  B  but  also  between  the  B  and  C 
segments,  the  C  and  D  segments,  and  so  forth.  Axial  sample  dispersion  results.  The  axial 
spreading  of  sample  material  will  lower  the  peak  height  registered  by  the  detector.  If  the 
analytical  evaluation  is  based  on  peak  height  the  result  will  be  interpreted  as  a  loss  in 
sensitivity.  The  thicker  the  film  the  larger  the  effect  of  axial  dispersion. 

What  happens  if  the  opposite  situation  occurs,  namely  that  the  analyte  originally 
is  present  in  the  film-forming  phase?  Actually,  no  further  axial  distribution  of  analyte  is 
to  be  expected  after  the  point  where  the  extraction  has  reached  completion.  Before  that 
point,  however,  analyte  dispersion  is  likely  to  occur.  After  that  point  the  segments 
carrying  the  analyte  are  efficiently  insulated  by  the  film-forming  phase.  Transport  may  be 
performed  over  a  large  distance  without  changing  the  analyte  concentrations  in  each 
individual  segment.  The  phase  with  the  strongest  affinity  to  the  tube  material  forms  the 
film.  Glass  and  steel  extraction  coils  can  be  used  in  order  to  force  the  aqueous  and  not 
the  organic  phase  to  form  the  film. 

The  reproducible  (but  variable)  physical  conditions  in  the  extraction  coil  in  a  flow 
injection  extraction  system  provide  a  unique  means  to  study  the  overall  extraction  rate. 
If  the  extraction  to  be  studied  is  analyte  extraction  from  an  aqueous  phase  into  an  organic 
phase,  PTFE  is  used  as  the  extraction  coil  material.  The  aqueous  segments  then  are 
surrounded  by  the  film-forming  organic  phase.  A  large  phase  boundary  area  increases 
the  probability  for  the  analyte  to  cross.  Narrow  extraction  coils  can  be  employed  to 
increase  the  phase  boundary  area.  In  fact,  the  overall  extraction  rate  depends  mainly  on 
the  magnitude  of  this  phase  boundary  area  present  per  phase  volume  unit  (5). 

What  are  the  effects  of  shorter  segment  lengths?  Shortening  the  segment  length 
has  rather  little  effect  on  the  magnitude  of  the  phase  boundary  area.  If  the  segment  length 
is  decreased  from  38  to  3  mm  in  a  flow  injection  extraction  system,  the  phase  boundary 
area  increases  only  about  6%.  In  spite  of  this  moderate  increase  the  extraction  rate  is 
enhanced.  This  enhancement  can  be  explained  by  improved  mass  transfer  between  the 
bulk  and  the  stationary  organic  layer  due  to  eddies  appearing  at  points  on  the  tubing  wall 
situated  just  behind  the  water  segments.  When  the  number  of  segments  is  increased  the 
number  of  such  eddy  points  correspondingly  increases.  There  are  indications  that  the 
intrasegmental  mixing  can  be  enhanced  to  a  level  at  which  the  extraction  rate  will  depend 
on  the  extraction  kinetics  only  (5). 

Different  modes  of  analyte  transfer  will  now  be  discussed  in  detail.  But  first,  a 
fundamental  question  that  has  to  be  asked  is:  why  are  liquid-liquid  extractions  performed 
at  all?  Liquid-liquid  extractions  are  performed  in  order  to  transplant  the  analyte  into  a  new 
matrix.  The  analyte  is  transferred  from  one  liquid  matrix  to  a  second  liquid  matrix.  The 
relative  volume  of  the  two  immiscible  phases  involved  may  furthermore  favor  analyte 
enrichment.  But  the  matrix  shift  per  se  may  also  result  in  an  enhancement  of  the 
selectivity.  Undefined  matrices  which  might  interfere  during  the  detection  step  are 
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exchanged  for  a  clean,  uniform  and  well-defined  matrix.  The  noise  level  decreases  and 
the  signal  to  noise  level  increases;  the  practical  limits  of  detection  improve.  In  some 
simple  applications  there  are  alternative  analyte  transfer  approaches  available  based  on 
the  flow  injection  principle  rather  than  the  original  one.  The  first  one,  shown  in  Fig.  6.8 
is  similar  to  dialysis  or  gas  diffusion  (6). 
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Fig.  6.8.  Flow  scheme  for  extractions  in  a  flow  system  without  liquid-liquid  segmentation. 
C  =  carrier,  R  =  reagent,  S  =  sample,  Aq  =  water  supplied  to  displacement  bottle, 
Org  =  organic  phase,  DET  =  detector,  W  =  waste. 


The  sample  is  injected  in  the  aqueous  carrier,  C,  and  passed  through  an  extraction 
cell  in  which  a  PTFE  membrane  is  placed  so  that  the  aqueous  stream  flows  along  one  of 
the  two  sides  of  the  membrane.  The  organic  phase  flows  by  the  opposite  phase  through 
the  membrane.  The  yield  is  only  8  -  18%  in  comparison  with  liquid-liquid  segmented 
extraction.  The  approach  in  Fig.  6.8  can  be  applied  when  concentrated  samples  are  to  be 
analyzed.  The  carrier  stream  containing  the  sample  can,  of  course,  be  mixed  with  a 
reagent  stream  prior  to  introduction  into  the  extraction  cell.  An  interesting  aspect  of  this 
technique  is  that  the  two  liquids  separated  by  the  membrane  can  be  partly  miscible.  For 
instance,  the  sample  matrix  can  be  comprised  of  a  40/60  methanol/water  mixture  and  the 
analyte  receiving  liquid  a  50/50  chloroform/methanol  mixture.  Analyte  transfer  occurs 
without  any  change  in  bulk  composition  of  the  two  liquid  mixtures  involved.  A  similar 
system  with  stagnant  organic  phase  present  in  the  membrane  has  been  described  for  the 
analysis  of  amines  (7). 

Another  possible  way  to  perform  a  matrix  shift  combined  with  analyte  enrichment 
is  illustrated  in  Fig.  6.9.  This  approach  is  very  similar  to  analyte  enrichment  using  ion 
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exchange  packed-bed  reactors.  But  instead  of  ions  neutral  molecules  are  trapped  in  a 
packed-bed  reactor  filled  with  reversed-phase  octadecylsilane  (C18)  bonded  silica  gel.  By 
subsequent  introduction  of  methanol,  for  example,  the  analyte  is  released  and  can  be 
brought  to  the  detector.  The  liquid-liquid  extraction  is  consequently  performed  via  a  solid 
intermediator.  This  liquid-solid-liquid  extraction  technique  is  still  in  its  infancy  and 
prediction  about  its  practical  applicability  is  delicate.  The  main  merit  of  this  approach  is 
its  simplicity  which  would  make  it  attractive  for  qualitative  and  semi-quantitative 
determinations  where  the  demand  for  a  short  response  time  and  a  fast  answer  is  stressed. 


W 


W 


Fig.  6.9.  Liquid-solid-liquid  extraction,  a  -  trapping  of  analyte,  b  -  eluation  of  analyte. 

C  =  carrier,  S  =  sample,  C18  =  C18  column,  DET  =  detector,  E  =  eluent,  W  =  waste. 

6.3  GAS  DIFFUSION 

The  best  transplantation  technique  for  gaseous  analytes,  or  those  analytes  which 
can  be  converted  to  a  gaseous  species,  is  gas  diffusion.  The  gas  diffusion  technique  was 
extensively  used  as  a  batch  procedure  in  the  pharmaceutical  industry  before  the  advent 
of  chromatography.  Under  batch  conditions,  reproducibility  of  the  gas  diffusion  technique 
is  difficult  to  maintain.  Therefore,  the  extra  time  to  carry  out  the  chromatography  was 
justified  since  the  reproducibility  increases. 

There  are  a  large  number  of  analytes  that  can  be  measured  in  a  gas  phase  process 
at  room  temperature  and  atmospheric  pressure  either  directly  or  after  analyte  conversion. 
The  major  advantage  of  the  gas  diffusion  process  is  that  it  removes  the  analyte  of  interest 
from  the  sample  matrix.  The  analyte  Is  transferred  to  a  new  matrix,  the  acceptor  stream, 
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which  contains  no  chemical  or  physical  interferents.  An  additional  advantage  is  that  the 
acceptor  stream  can  be  configured  so  that  the  optimized  conditions  for  the  detection 
process  are  realized.  For  example,  the  optimized  reaction  conditions  for  the  formation  of 
the  analyte/reagent  complex  can  be  maintained  in  the  acceptor  stream. 

A  typical  gas  diffusion  manifold  is  shown  in  Fig.  6.10. 


/ 


w 
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Fig.  6.10.  Typical  gas  diffusion  manifold.  C  =  carrier,  S  =  sample,  R1  and  R2  = 
reagents,  DET  =  detector,  W  =  waste. 


The  sample  is  injected  into  a  carrier  stream.  If  any  chemistry  has  to  be  carried  out 
before  the  gas  diffusion  process,  the  carrier  stream  is  merged  with  the  appropriate 
reagents.  The  entire  manifold  below  the  membrane  of  the  gas  diffusion  cell  is  called  the 
donor  stream.  When  ail  the  necessary  pretreatments  of  the  donor  stream  have  been 
accomplished,  the  donor  stream  is  passed  under  the  gas  diffusion  membrane  where  the 
gaseous  analyte  or  high  vapor  pressure  compounds  can  diffuse  through  the  membrane 
into  the  acceptor  stream.  The  acceptor  stream  may  or  may  not  contain  reagents.  This  is 
dependent  on  the  analytical  method  and  detector  being  utilized.  However,  it  is  important 
to  realize  that  the  acceptor  stream  can  be  optimized  to  maximize  the  observable  signal. 
The  acceptor  stream  may  be  merged  with  the  appropriate  reagents  to  produce  the 
expected  analytical  signal.  Sample  matrices  range  from  water  to  whole  blood. 

Several  questions  concerning  the  optimization  of  the  gas  diffusion  manifold  have 
been  raised.  Van  der  Linden  attempted  to  explain  the  observed  behavior  of  gas  diffusion 
by  developing  a  mathematical  model  (8).  This  model  uses  the  "Tank  in  Series" 
approximation.  This  treatment  assumes  that  the  concentration  is  uniform  across  the  entire 
diameter  of  each  segment.  The  FIA  system  is  treated  as  if  it  were  at  equilibrium.  Two 
extreme  cases  were  tested:  a)  where  both  vapor  pressure  differential  and  membrane 
permeability  is  low,  and  b)  where  both  vapor  pressure  differential  and  membrane 
permeability  are  high.  In  the  low  cases  a  direct  proportionality  between  peak  height,  initial 
sample  concentration,  and  residence  time  with  an  inverse  proportionality  to  flow  rate  is 
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predicted.  In  the  high  case  only  peak  height  is  predicted  to  be  related  to  concentration. 
Essentially,  diffusion  of  the  compound  from  the  bulk  solution  to  the  solution/membrane 
interface,  partition  between  donor  solution  and  membrane  phase,  diffusion  inside  the 
membrane,  partition  between  membrane  and  acceptor  solution,  and  finally,  diffusion  from 
the  surface  into  the  bulk  of  the  acceptor  stream  were  grouped  into  a  "constant  term". 
Clearly,  several  practical  factors  of  the  gas  diffusion  process  concerning  kinetic  rates  of 
diffusion,  the  non-equilibrium  conditions  and  gas  solubility  were  ignored. 

The  real  problem  in  modelling  an  FIA  system  is  that  none  of  the  current  theories 
completely  predict  its  behavior.  When  an  additional  process,  like  gas  diffusion  is  added, 
the  modelling  becomes  difficult  at  best.  However,  it  is  clear  that  a  practical  guide  to  those 
analysts  interested  in  using  gas  diffusion  flow  injection  analysis,  GD-FIA,  would  be  helpful. 

How  much  gas  is  currently  transported  through  the  membrane?  The  surprising 
answer  is  that  5  -  20  %  of  the  gas  is  transported.  Therefore,  it  should  be  possible  to  make 
improvements  in  the  efficiency  of  from  2.5  to  10  times  more  gas  diffusion.  How  can  this 
be  accomplished?  To  start  with,  what  kind  of  chemical  system  should  be  used  to  study 
the  effects  that  parameters  have  on  the  efficiency  of  gas  diffusion?  Simple  dye 
experiments  cannot  be  used  since  the  dyes  do  not  act  as  gases.  Therefore,  a  gaseous 
analyte  must  be  used.  However,  this  analyte  must  not  require  any  chemistry  to  be  carried 
out  in  order  to  detect  it.  This  is  necessary  so  that  only  the  physical  effects  of  gas 
diffusion  and  no  chemical  effects  are  observed. 

For  the  following  discussion  chlorine  dioxide  was  utilized  as  the  gaseous  analyte 
since  it  fulfills  the  above  mentioned  requirements.  The  chlorine  dioxide  was  monitored 
at  300  nm  using  a  flow  through  UV-visible  spectrophotometer.  The  system  utilized  a 
Goretex  0.45  pm  pore  size  teflon  membrane.  There  were  absolutely  no  chemical  reactions 
taking  place  in  the  system.  Using  this  system  to  answer  the  question  about  gas  diffusion 
parameters,  what  is  the  obvious  parameter  to  investigate?  Flow  rate  and  the  ratio 
between  the  flow  rates  of  the  donor  and  acceptor  streams  is  the  answer.  It  has  been 
observed  that  under  stopped-flow  conditions  the  amount  of  analyte  transported  through 
the  membrane  increases.  This  is  especially  true  for  chemical  systems  where  the  gas 
reacts  with  the  chemical(s)  in  the  acceptor  stream  and  is  irreversibly  destroyed  (e.g.  03 
with  indigo  blue)  or  the  gas  is  converted  to  another  species  (e.g.  Cl2  OCI  ).  However, 
the  actual  gain  in  signal  for  highly  reactive  gaseous  analytes  between  slow  flows,  0.22 
ml/min  and  stopped-flow  has  been  observed  to  be  small.  The  gain  to  the  analyst  is  even 
smaller  if  time  and  high  throughput  is  a  significant  consideration.  For  example,  at  0.22 
ml/min  the  relative  amount  of  chlorine  dioxide  which  passes  through  the  membrane  is  3.9 
times  the  chlorine  dioxide  which  passes  through  the  membrane  at  1 .4  ml/min.  Therefore, 
it  appears  that  slower  flow  rates  are  better  than  faster  rates. 

But  what  about  varying  the  flow  ratio  between  donor  and  acceptor  streams?  At 
first  glance  it  would  appear  that  a  faster  donor  stream  would  enrich  the  acceptor  better 
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than  a  slower  donor  stream,  the  idea  being  that  more  sample  would  pass  under  the  same 
segment  of  the  acceptor  stream,  thereby  almost  producing  a  preconcentration  step.  The 
reverse  case  of  slow  donor  stream  and  fast  acceptor  stream  could  be  argued  in  terms  of 
improved  diffusion  yield.  The  truth  is  that  neither  condition  is  optimal.  The  flow  rates  of 
the  acceptor  stream  and  the  donor  stream  should  be  equal!  For  example,  when  both 
donor  and  acceptor  streams  are  equal,  0.79  mi/min,  the  relative  amount  of  chlorine 
dioxide  transported  is  1.50.  If  the  acceptor  stream  is  slowed  to  0.22  mi/min,  the  value  is 
1.28.  At  a  faster  acceptor  stream  flow  rate  of  1.4  ml/min  the  value  is  1.00. 

At  this  point  most  analysts  would  say  that  the  flow  rate  questions  are  finished.  But 
what  about  concurrent  versus  countercurrent  flows?  Table  6.1  shows  the  data  obtained 
for  the  flow  rates  1.4,  1.2,  0.79,  0.49,  and  0.22  mi/min.  These  flow  rates  were  used  both 
in  concurrent  and  countercurrent  flows  and  in  the  differential  flow  studies.  All  data  was 
normalized  to  the  1.4  versus  1.4  ml/min  concurrent  flow  data  which  was  designated  as 
1.00.  The  data  was  the  absorbance  of  chlorine  dioxide  observed  for  the  given  flow 
system. 

TABLE  6.1 

Relative  amount  of  chlorine  dioxide  transported  as  a  function  of  flow  rate  and  flow 
direction. 


Acceptor 

Donor 

1.4 

1.2 

0.79 

0.49 

0.22 

ml/min 

1.4 

1.00 

1.13 

1.20 

0.921 

0.782 

concurrent 

1.11 

1.18 

1.17 

0.908 

0.854 

countercurrent 

1.2 

1.14 

1.27 

1.28 

1.19 

0.927 

concurrent 

1.21 

1.25 

1.31 

1.21 

1.06 

countercurrent 

0.79 

0.975 

1.44 

1.50 

1.50 

1.28 

concurrent 

0.997 

1.45 

1.59 

1.63 

1.52 

countercurrent 

0.49 

1.03 

1.72 

1.98 

1.97 

1.92 

concurrent 

1.11 

1.90 

2.06 

2.15 

2.14 

countercurrent 

0.22 

0.513 

1.63 

2.08 

2.88 

3.90 

concurrent 

0.548 

1.74 

2.21 

3.06 

4.17 

countercurrent 
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The  countercurrent  flow  slightly  enhances  the  observed  signal.  It  would  appear  that 
the  entire  enhancement  is  due  to  the  change  in  band  broadening  and  not  to  any  increase 
in  the  amount  of  gas  transported  through  the  membrane,  i.e.  membrane  transport.  The 
highest  signal  was  obtained  for  the  0.22  by  0.22  ml/min  flow  rates.  This  is  not  too 
surprising.  By  slowing  down  the  flow  rates,  the  amount  of  diffusion  that  can  occur  should 
be  larger.  The  peak  shapes  appear  to  be  similar,  therefore  the  flow  rate  effect  is  due 
primarily  to  the  increase  in  membrane  transport  created  by  the  slower  flow  rates  which 
in  turn  increase  residence  time.  One  general  observation  was  that  a  slow  donor  flow  rate 
and  a  faster  acceptor  flow  rate  was  more  favorable  than  a  fast  donor  stream  and  slower 
acceptor  stream. 

Would  differential  pressure  between  the  acceptor  and  donor  streams  provide  any 
advantage?  A  pressure  was  applied  on  one  side  of  the  membrane.  The  pressure  on  both 
sides  of  the  membrane  can  be  measured  and  the  observed  absorbance  of  chlorine  dioxide 
recorded.  Fig.  6.11  shows  these  data. 


Fig.  6.11.  A  plot  of  membrane  transport  as  a  function  of  differential  pressure  on  the 
acceptor  and  donor  sides  of  the  membrane. 


The  unsupported  membrane  clearly  exhibits  the  best  transport  properties  when  the 
pressures  on  both  sides  are  equal.  Using  a  supported  polyethylene  scrim  backed 
membrane  to  eliminate  membrane  stretching  into  the  channel,  similar  behavior  was 
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observed.  Thus,  the  pressure  should  be  kept  equal  on  both  sides. 

Would  an  increase  in  membrane  area  improve  the  efficiency  of  the  gas  diffusion 
system?  Using  a  simplistic  view,  it  would  be  expected  that  the  amount  of  gas  transporting 
through  the  membrane  would  exhibit  a  linear  relationship  with  membrane  area.  In  other 
words,  if  10%  of  the  total  gas  concentration  normally  passes  through  the  membrane,  then 
5%  passes  through  when  only  50%  of  the  membrane  has  come  in  contact  with  the  sample. 
Fig.  6.12  shows  that  for  chlorine  dioxide,  the  rate  of  transport  is  not  linear,  but  in  fact 
more  rapid  in  the  first  half  of  the  membrane.  A  similar  plot  is  observed  for  ozone  and 
ammonia.  However,  for  chlorine  the  rate  of  transport  is  slow  in  the  first  half  of  the 
membrane. 


Fig.  6.12.  Rate  of  gas  diffusion  versus  membrane  length  for  chlorine  dioxide  and  chlorine. 


This  means  that  a  type  of  kinetic  discrimination  can  be  incorporated  into  an 
analytical  method,  and/or  manifold  design  utilizing  this  transport  difference.  It  should  be 
possible  to  use  this  type  of  phenomenon  to  develop  methods  which  could  directly 
determine  the  concentration  of  both  gases  without  interference  from  one  another. 


117 


Given  the  results  on  membrane  area  the  next  question  should  be:  does  channel 
shape  and/or  depth  play  a  significant  role  in  the  efficiency  of  the  gas  diffusion  system? 
Commercial  gas  diffusion  manifolds  have  a  straight  channel  which  is  long  and  deep. 
Given  recent  findings  (4)  concerning  the  mechanism  of  FIA  extractions,  it  seems 
reasonable  to  hypothesize  that  similar  fundamental  properties  should  affect  the  efficiency 
of  gas  diffusion.  For  example,  the  donor  stream  which  is  under  the  membrane  can  be 
divided  into  four  separate  and  operationally  different  layers.  First,  the  bulk  solution  itself, 
second  the  few  molecule  thick  layer  against  the  membrane,  third  the  gas  in  the  membrane 
itself  and  lastly,  the  few  molecule  thick  layer  against  the  membrane  on  the  donor  side. 
The  physical  transport  of  the  gas  is  driven  by  partial  pressure  difference  between  the  two 
sides  of  the  membrane  and  any  differences  in  the  solubility  of  the  gas  in  the  donor  and 
acceptor  streams.  The  actual  physical  process  is  molecular  diffusion.  Therefore,  only  the 
second  layer,  membrane  interaction  in  the  third  layer,  and  the  fourth  layer  play  a  role  in 
the  efficiency  of  the  gas  diffusion  process.  The  diffusion  coefficients  for  the  gaseous 
analytes  are  usually  1000  times  larger  than  those  for  analyte  ions  or  molecules  In  solution! 

Assuming  this  mechanism  is  correct,  what  parameter  do  we  need  to  maximize? 
The  surface  area  between  sample  and  membrane  should  be  the  answer.  How  can  this 
be  accomplished?  The  gas  diffusion  channel  can  be  widened.  This  would  increase 
surface  area,  however,  the  practical  aspect  of  keeping  the  membrane  intact,  i.e.  not 
collapsing  into  one  side  or  the  other,  cannot  be  easily  resolved.  Therefore,  the  only 
choice  is  to  lessen  the  depth  of  the  channel  thereby  decreasing  the  ratio  between  the 
first  and  second  layer  which  in  effect  increases  the  amount  of  the  second  layer.  The 
difficulty  with  this  is  that  flow  rates  will  increase  linearly.  This  means  that  there  is  a  trade 
off  point  between  a  reduced  channel  depth  and  an  increase  in  linear  flow  rate. 

Comparison  of  normalized  absorbance  versus  channel  depth  for  the  spiral  and 
serpentine  channel  shapes  shows  that  the  spiral  shape  improves  gas  diffusion  efficiency. 
It  is  also  obvious  that  the  more  shallow  the  channel  the  better  gas  transport  in  both 
designs.  The  nonlinearity  is  due  to  the  channel  depth/flow  rate  trade  off.  The  spiral  and 
serpentine  design  both  add  turbulence  to  the  system.  This  turbulence  mixes  the  sample 
plug,  thereby  replenishing  some  of  the  second  layer. 

At  this  point  all  the  important  parameters  effecting  the  efficiency  of  gas  diffusion 
FIA  have  been  evaluated.  Any  parameter  which  can  be  optimized  to  improve  transport 
would  improve  the  sensitivity  of  the  analytical  method.  Therefore,  in  conclusion,  pressure 
differential  should  not  exist  in  order  to  maximize  signal.  Countercurrent  flow  only  slightly 
improves  signal  (less  than  10%)  and  mostly  through  peak  shape  changes  and  not 
improvement  in  gas  transport.  Flow  rates  should  be  equal  and  as  slow  as  possible. 
Stopped-flow  helps  but  may  not  be  worth  the  extra  time.  The  membrane  area  may  be 
used  to  differentiate  between  gases.  Finally,  channel  depths  should  be  as  shallow  as 
possible  and  the  spiral  shape  for  a  manifold  is  the  best. 
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Obviously,  the  limitation  of  gas  diffusion  is  that  the  analyte  must  be  capable  of 
being  removed  from  the  donor  stream  as  a  gas.  At  first  glance  this  might  seem  to  limit 
the  application  of  gas  diffusion.  However,  converted  analytes  or  reaction  products  such 
as  hydrogen  peroxide  and  highly  volatile  organic  compounds  can  be  determined  in  gas 
diffusion  systems. 

The  real  advantage  to  gas  diffusion  is  the  ability  to  combine  chemistry  and/or  other 
selectivity  enhancement  technique  in  an  effort  to  increase  the  selectivity  of  the  analytical 
method.  One  such  example  is  the  determination  of  chlorine  dioxide  in  recently  disinfected 
water  (9).  The  potential  interferents  in  the  sample  are  chlorine,  chlorite  ion,  chlorate  ion, 
metal  ions  and  peroxides.  The  detection  method  used  was  chemiluminescence  with 
luminol.  The  selectivity  needed  for  chlorine  dioxide  over  the  interferences  is  at  least  500 
to  1.  The  metal  ions  and  peroxides  are  eliminated  as  interferents  by  the  gas  diffusion 
process,  since  they  will  not  pass  through  the  teflon  membrane  which  will  not  be  wetted 
by  the  aqueous  solution.  Only  chlorine  and  chlorine  dioxide  will  transport  across  the 
membrane.  However,  the  chlorine  dioxide  passes  through  the  membrane  at  a  preferential 
rate  of  3.1  to  1  over  chlorine. 

The  luminol  chemistry  itself  can  be  manipulated  in  such  a  way  that  identical 
concentrations  of  chlorine  dioxide  and  chlorine  will  produce  signals  that  are  500  times 
more  intense  for  chlorine  dioxide.  Since  these  selectivity  enhancement  factors  are 
multiplicative,  the  overall  selectivity  is  greater  than  1500  (3.1  x  500)  to  1  in  favor  of 
chlorine  dioxide.  Therefore,  by  incorporating  gas  diffusion  FIA  into  the 
chemiluminescence  method  for  chlorine  dioxide,  a  highly  selective  method  with  excellent 
reproducibility  is  possible. 


6.4  DIALYSIS 

Dialysis  is  a  selectivity  enhancement  technique  which  is  useful  for  the  separation 
of  the  analyte  of  interest  from  the  sample  matrix.  The  observed  selectivity  of  this 
technique  is  primarily  dependent  on  the  properties  of  the  membrane  used  in  the  dialysis 
manifold.  The  usual  system  will  have  a  membrane  which  is  capable  of  transporting  ions. 
In  theory,  any  ion  of  interest  can  be  separated  from  the  matrix.  For  example,  potassium 
can  be  separated  from  the  proteins  and  many  of  the  large  molecules  in  blood  serum. 
Unfortunately,  most  membranes  which  are  currently  available  to  analytical  chemists  are 
not  very  selective.  Therefore,  in  the  blood  serum  case,  not  only  potassium  ions  but  other 
ions,  e.g.  sodium  and  calcium  ions,  will  also  pass  through  the  membranes.  The  dialysis 
process  can  also  be  seen  as  a  way  to  dilute  a  sample. 

Essentially,  the  same  design  considerations  discussed  for  gas  diffusion  hold  true 
for  dialysis  with  the  notable  exception  that  the  membranes  are  different.  Whereas  gas 
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diffusion  uses  hydrophobic  microporous  membranes,  dialysis  uses  hydrophilic  membranes 
like  cellulose  based  membranes.  The  efficiency  of  the  dialysis  system  can  be  improved 
if  a  spiral  type  manifold  is  used.  In  addition,  the  depth  of  the  dialysis  channel  should  be 
kept  as  small  as  possible.  In  cases  where  efficiency  is  a  concern  and  a  commercial  gas 
diffusion  unit  is  used,  all  one  has  to  do  to  carry  out  dialysis  is  fill  the  channels  with  small 
glass  beads.  This  will  increase  the  surface  area  of  the  sample  membrane  interface. 

An  additional  technique  employed  to  apparently  increase  efficiency,  but  in  fact  is 
a  preconcentration  step,  is  to  fill  the  acceptor  stream  channel  with  ion  exchange  resin. 
For  example,  by  using  a  cation  exchange  resin  potassium  ion  and  other  monovalent  ions 
would  be  preferentially  retained  while  multivalent  cations  to  a  large  extent  remain  in  the 
acceptor  stream  and  pass  on  to  waste.  The  sample  can  be  readily  injected  into  the 
stream  which  continuously  passes  under  the  dialysis  membrane.  Once  the  desired 
preconcentration  is  achieved,  the  composition  of  the  carrier  stream  can  be  changed  in 
order  to  exchange  the  analyte  of  interest  of  the  resin. 

Essentially,  dialysis  is  only  limited  by  the  types  of  hydrophilic  membranes  which  are 
commercially  available.  The  selectivity  of  these  membranes  can  be  modified  by  coating 
or  immobilizing  an  active  reagent,  such  as  an  enzyme  or  ionophore,  on  the  surface  of  the 
membrane.  The  altered  membrane  will  then  exhibit  additional  selectivity.  Just  as  in  any 
immobilization  situation,  the  lifetime  of  these  devices  is  always  a  concern.  However,  the 
use  of  flow  injection  extends  the  lifetime  of  these  systems.  Another  advantage  is  that 
reconditioning  can  be  performed  continuously  by  an  appropriate  choice  of  carrier  solution. 


6.5  PACKED-BED  REACTORS 

The  difficulty  with  discussing  packed-bed  reactors  used  in  FIA  is  that  they  have 
such  a  variety  of  functions.  Packed-bed  reactors  can  be  used  to  preconcentrate  the 
analyte  before  the  determination.  In  some  cases  the  analyte  must  be  converted  to  another 
species  which  is  directly  determined  by  the  analytical  method.  The  reagent  may  be 
immobilized  in  packed-bed  reactors  to  increase  the  cost  effectiveness  or  the  efficiency  of 
the  chemistry.  They  can  be  used  to  modify  the  sample  matrix  by  trapping  the  analyte  of 
interest  or  the  interfered,  thereby  separating  the  matrix  components.  They  may  even  be 
used  to  generate  the  reagent.  In  each  case  the  function  of  the  packed-bed  reactors 
dictates  the  size,  the  manifold  design,  and  the  lifetime.  Consequently,  there  is  continual 
discussion  about  the  best  packed-bed  reactor  design  for  FIA. 

By  placing  a  packed-bed  reactor  in  an  FIA  manifold:  what  concerns  should  be 
raised?  As  always,  the  first  concern  is  whether  the  dispersion  properties  of  the  FIA  will 
change  or  not.  It  should  be  pointed  out  that  the  packed-bed  reactors  used  in  FIA  are  not 
the  size  of  the  packed-bed  reactors  used  In  HPLC.  By  now,  it  is  obvious  that  an  increase 
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in  dispersion  means  increased  dilution  of  the  sample  zone.  If  the  detection  limits  of  the 
method  are  close  to  the  desired  levels,  then  any  additional  dispersion  is  undesirable. 
However,  all  too  often  the  discussions  about  reactors  center  around  mixing,  which  in  turn 
leads  to  confusion  between  dispersion  and  mixing.  The  bottom  line  is  this.  The 
packed-bed  reactor  must  create  enough  mixing  to  allow  the  reagents  to  come  in  contact 
with  the  analyte  or  the  interferent  with  the  reactive  site  on  the  column.  The  dispersion 
should  be  kept  as  low  as  possible.  The  amount  of  reaction  which  takes  place  depends 
on  the  kinetics  of  the  reaction,  the  total  residence  time  of  the  analyte  in  the  reactor,  and 
the  concentration  of  reactive  sites  in  the  column.  It  is  possible  to  create  an  appropriate 
residence  time  without  significantly  increasing  dispersion. 

The  second  concern  is  for  reproducibility.  The  are  two  parts  to  the  reproducibility 
question;  can  packed-bed  reactors  be  made  reproducibly  and  how  quickly  does  the 
reactivity  of  the  reactor  change?  The  first  question  concerning  reproducibility  can  be 
answered  as  follows.  The  art  of  packing  a  column  is  at  times  difficult  and  each  individual 
analyst  will  have  different  success.  However,  the  different  packed-bed  reactors  can  be 
calibrated  in  the  FIA  system.  A  variation  in  the  performance  level  between  reactors  of  less 
than  10%  is  quite  acceptable.  The  second  reproducibility  question  concerns  the  loss  in 
activity  due  to  reagent  degradation  or  saturation  of  the  reactive  sites.  This  is  a  more 
difficult  problem.  Ideally,  the  analyst  should  find  the  reactor  conditions  that  will  minimize 
this  loss.  In  practice,  especially  with  enzymes,  this  condition  will  not  be  met.  Frequent 
calibrations  will  be  needed  to  ensure  the  most  accurate  results. 

What  is  the  best  packing  method  for  these  reactors?  There  are  two  basic  methods. 
The  material  is  packed  into  the  column  in  an  irregular  and  nonreproducible  manner  with 
no  channels  in  the  packed  material.  The  second  possibility  is  that  the  packing  material 
consists  of  uniform  beads  which  are  placed  in  a  zig-zag  pattern.  This  second  reactor  is 
called  the  string-bead  or  pearl-string  reactor.  In  this  case  the  packing  material  has  a 
diameter  which  is  60  -  80  %  of  the  diameter  of  the  tubing  material.  The  packing  is  placed 
in  the  tubing  in  a  zig-zag  pattern.  Both  packing  methods  have  been  shown  to  minimize 
dispersion  and  enhance  mixing.  Dispersion  is  decreased  because  the  effective  tubing 
diameter  is  considerably  smaller  when  the  tubing  is  filled  with  packing  material.  Smaller 
tubing  diameters  result  in  lower  dispersion.  The  mixing  is  increased  because  a 
considerable  amount  of  turbulence  is  generated  as  the  solutions  impinge  the  particles. 
Furthermore,  the  radial  diffusion  distances  are  decreased  in  a  tubing  with  a  smaller 
diameter  thereby  improving  radial  mixing.  As  long  as  channels  do  not  exist  in  the  reactor 
the  reproducibility  of  the  reactor  mixing  is  good.  The  sample  gradient  profile  can  be 
maintained  to  a  large  extent. 

What  about  the  geometrical  shape  of  the  reactor?  Three  basic  designs  exist: 
straight,  coiled  and  knitted.  Although  the  knitted  reactor  is  more  difficult  to  prepare,  the 
sudden  bends  in  this  reactor  cause  a  great  deal  of  turbulence.  The  effect  of  this 
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turbulence  is  that  a  greater  amount  of  the  sample  comes  in  contact  with  the  reactor 
contents.  The  actual  chemical  efficiency  of  these  reactors  appear  to  be  the  best  of  the 
three  designs.  Additionally,  it  would  appear  that  the  dispersion  is  actually  smaller  in  the 
knitted  reactor  than  in  the  other  reactor  designs.  Unfortunately,  the  experiments  which 
have  been  carried  out  to  investigate  the  dispersion  question  have  not  truly  resolved  this 
issue.  As  pointed  out  earlier,  the  choice  of  design  will  depend  a  great  deal  on  the 
intended  function  of  the  reactor.  If  ion-exchange  is  the  function  then  the  extra  trouble  of 
making  the  string-bead  is  unnecessary.  If  a  long  residence  time  is  required,  many  people 
believe  that  the  string-bead  reactor  is  the  best  choice. 

Some  examples  of  reactor  appplications  will  now  be  presented.  In  the  case  of  the 
analyte  being  converted  to  a  species  that  will  react  with  the  reagent,  the  commonly  cited 
example  is  the  determination  of  nitrate  ion.  A  copperized  cadmium  reactor  is  used  to 
convert  the  nitrate  to  nitrite.  The  obvious  advantage  of  the  column  is  that  it  allows  the 
reduction  to  take  place  without  the  cadmium  particles  entering  the  manifold.  This  is 
important  since  cadmium  particles  would  clog  the  manifold.  In  this  case,  the  reagent  is 
relatively  reproducible  with  respect  to  time.  The  reactor  can  be  small  enough  to  be  in  a 
microconduit  type  manifold. 

Matrix  modification  is  an  important  technique  of  FIA  which  can  be  performed  with 
reactors.  The  sample,  which  contains  analyte  and  potential  interferences,  is  injected  into 
the  system.  The  reactor  is  packed  with  a  material  containing  a  functional  group  which 
complexes  with  the  analyte  or  the  interferences.  Let  us  assume  that  the  packing  material 
retains  the  analyte.  The  sample  zone  enters  the  reactor  where  the  first  few  particles  trap 
the  analyte.  The  interferences  and  other  components  of  the  sample  matrix  proceed 
toward  the  waste  outlet.  After  the  sample  zone  has  passed  through  the  reactor,  the  next 
step  is  to  eluate  the  analyte  from  the  reactor.  Should  this  step  take  place  in  the  same  flow 
direction  as  the  sample  zone  or  should  the  flow  be  reversed?  The  answer  is  that  the  flow 
should  be  reversed.  If  the  anaiyte  zone  was  passed  through  the  reactor,  the  zone  would 
be  continuously  dispersed.  By  reversing  the  flow  the  analyte  zone  is  prevented  from  being 
dispersed  into  a  large  zone.  The  reverse  flow  approach  pushes  the  analyte  out  the  short 
end  of  the  reactor.  Such  a  system  is  shown  in  Fig.  6.13. 

The  column  can  also  simply  delay  the  anaiyte  from  a  difficult  matrix.  This 
technique  might  be  employed  when  the  highly  colored  sample  matrix  exhibits  the  same 
absorption  as  the  anaiyte/reagent  complex. 

Preconcentration  of  the  sample  is  possible  using  reactors  in  an  FIA  manifold.  For 
example,  an  ion  exchanger  could  be  packed  into  a  column  and  the  carrier  stream 
composition  optimized  to  retain  the  analyte  of  interest.  In  most  cases,  a  larger  than 
normal  sample  injection  volume  is  used  to  enhance  the  potential  gain  in  total 
preconcentration  resulting  in  a  dispersion  coefficient  less  than  1.  In  this  case,  the  analyte 
may  or  may  not  be  eluted  using  flow  reversal.  This  decision  is  dependent  on  the  portion 
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of  the  column  used  for  the  preconcentration.  If  greater  than  50%  of  the  available  binding 
sites  are  used  it  is  better  to  maintain  the  same  flow  direction. 
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Fig.  6.13.  FIA  manifold  where  a  packed-bed  reactor  is  used  as  a  matrix  modifier  and  the 
analyte  is  eluted  by  reversing  the  flow  direction.  C  =  carrier,  S  =  sample,  E  =  eluent, 
DET  =  detector,  W  =  waste. 


The  size  of  the  sample  used  in  preconcentration  is  dependent  on  the  expected 
concentrations  and  the  meq/l  value  of  the  ion  exchanger.  Care  should  be  taken  to  ensure 
that  the  analyte  does  not  breakthrough  the  packed-bed  reactor.  In  other  words,  make 
sure  that  the  analyte  is  trapped  and  that  the  column  has  not  been  saturated. 

Immobilized  reagents  are  usually  used  when  the  reagent  is  expensive  or  when  the 
presence  of  the  first  reagent  in  the  manifold  will  adversely  affect  the  susequent  reactions 
of  a  method.  The  classical  example  is  the  use  of  enzymes  in  an  immobilized  form.  The 
expense  of  these  reagents  makes  it  imperative  that  a  minimum  amount  is  used.  The 
biggest  difficulty  in  using  immobilized  enzymes  is  ensuring  that  the  reactivity  is  stable.  If 
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the  reagent  reactivity  decreases  with  time  then  the  necessary  and  frequent  calibration  of 
such  a  system  becomes  time  consuming.  Usually  the  reactivity  can  be  controlled  by  the 
proper  choice  of  carrier  stream.  It  is  also  possible  to  eliminate  this  worry  by  using  easily 
replaceable  reactors.  The  assumption  in  this  case  is  that  the  reproducibility  among 
reactors  is  good. 

Although  the  few  examples  exist  in  the  literature  for  this  last  potential  use  of 
reactors,  it  is  a  useful  application.  The  reactor  in  this  case  is  the  generates  the  reagent. 
For  example,  an  electrochemically  generated  reagent  which  is  too  unstable  in  solution  to 
be  useful,  can  be  produced  inside  a  reactor.  In  this  case  the  generation  of  the  material 
is  a  function  of  the  applied  potential.  Then  the  reagent  is  free  to  react  with  the  analyte. 
Thus  far  most  reactors  have  generated  reagents  which  are  strong  oxidizers  or  reducers. 
The  great  advantage  is  that  the  reagents  need  to  be  stable  only  for  as  long  as  the 
residence  time  of  that  reagent  in  the  FIA  manifold.  Many  of  these  reagents  will  be  more 
stable  under  FIA  conditions  since  the  possibility  of  air  oxidation  is  eliminated.  Application 
of  this  technique  to  reagents  other  than  redox  systems  and  to  solvents  seems  to  be  most 
promising. 
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CHAPTER  7 

UTILIZATION  OF  THE  CONCENTRATION  GRADIENT 

7.1  INTRODUCTION 

In  Chapter  2.9  the  concept  of  the  concentration  gradient  was  presented.  The 
concentration  gradient  is  a  unique  feature  of  FIA,  generated  by  the  reproducible  timing 
and  controllable  sample  dispersion.  The  reproducibility  of  individual  points  along  the 
gradient  is  just  as  precise  as  that  of  the  peak  height.  This  unique  FIA  characteristic  is  the 
most  promising,  yet  most  difficult  feature  to  deal  with  in  terms  of  understanding  the 
mechanisms  and  utilizing  the  potential  advantages. 

The  techniques  to  be  discussed  in  this  chapter  include  titration,  gradient  dilution, 
gradient  calibration,  stopped-ffow,  and  penetrating  zones.  In  each  case,  the  concentration 
gradient  is  created  and  then  exploited  to  measure  some  parameter.  The  degree  of 
dispersion  which  is  allowed  to  occur  is  dependent  on  the  gradient  technique  employed. 
For  example,  FIA  titrations  require  a  large  degree  of  dispersion  while  penetrating  zones 
require  medium  dispersion. 

Although  some  would  argue  that  the  gradient  techniques  are  misnamed,  the  bottom 
line  is  that  they  all  work.  Some  of  these  techniques  work  under  a  very  select  set  of 
conditions  and  have  not  found  a  practical  utilization  beyond  the  research  environment. 
Therefore,  one  should  carefully  examine  the  chemical  system  for  application  to  the 
gradient  technique. 


7.2  FIA  TITRATIONS 

The  oldest  application  of  an  FIA  gradient  technique  is  FIA  titration.  For  comparison, 
let  us  examine  a  classical  wet  chemistry  titration  experiment.  A  known  volume  of  the 
sample,  e.g.  acid,  is  titrated  by  a  measured  volume  of  titrant  with  a  known  concentration, 
e.g.  base.  The  end-point,  which  is  hopefully  near  the  equivalence  point  of  the  titration,  is 
measured  as,  e.g.,  a  change  in  indicator  color.  The  titrant  volume,  Vt ,  is  read.  The 
titrant  concentration,  Ct  ,  is  known.  The  sample  volume,  Vg,  is  known.  The  sample 
concentration,  Cs,  is  then  easily  derived: 


Cs  =Vt  *VVs 


(7.1) 
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Can  this  same  experiment  be  carried  out  in  an  FIA  system?  In  terms  of  procedural 
similarities,  there  are  points  on  the  FIA  peak  which  are  representative  of  the  same 
equilibrium  conditions  as  the  classical  titration.  At  the  equivalence  point  of  a  titration, 
the  amount  of  titrant  and  analyte  initially  present  is  equal.  Beyond  this  point  the  titrant  is 
in  excess  while  before  the  equivalence  point  there  is  an  amount  of  untitrated  analyte. 
The  indicator  is  chosen  so  that  the  color  change  occurs  at  a  point  as  close  to  the 
equivalence  point  as  possible. 

A  typical  FIA  titration  manifold  is  shown  in  Fig.  7.1.  It  can  be  used  for  the 
determination  of  acid  concentration  using  base  as  the  titrant. 


S 


Fig.  7.1.  Typical  FIA  titration  manifold  for  the  determination  of  acid  concentration.  DET 
is  a  spectrophotometer.  C  =  carrier,  S  =  sample  (acid),  R  =  titrant  (base),  w  =  waste. 


What  would  the  output  of  the  detector  look  like  for  increasing  concentrations  of 
acid  in  the  sample?  Fig.  7.2  shows  the  expected  result. 


Fig.  7.2.  Change  in  peak  shape  produced  by  an  FIA  titration  system  with  increasing  acid 
sample  concentration. 
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Two  important  peak  characteristics  need  to  be  mentioned  in  relation  to  Fig.  7.2. 
The  first  is  that  increasing  acid  sample  concentration  increases  the  width  of  the  peak. 
This  width  can  therefore  be  used  to  evaluate  the  original  acid  concentration  in  the  sample. 
Second,  the  peaks  observed  in  this  type  of  system  reach  a  steady  state  level  area  at  which 
all  indicating  reagent  is  converted. 

The  peaks  shown  in  Fig.  7.2  do  not  represent  the  true  concentration  gradient  of 
the  sample.  In  actuality,  the  typical  sample  concentration  gradient  still  exists,  see  Fig. 
7.3.  The  cut-off  of  the  normal  FIA  peak  is  due  to  the  indicator  reaching  maximum  color 
change  before  the  peak  reaches  its  true  maximum.  Therefore,  the  resulting  change  in 
concentration  of  the  base  is  not  detected.  After  the  peak  maximum,  the  point  at  which 
the  indicator  starts  to  change  back  to  the  original  color  is  the  beginning  of  the  observed 
portion  of  the  peak  descent.  In  essence,  the  indicator  is  acting  as  a  yes/no  system,  see 
Fig.  7.3.  When  a  detection  principle  such  as  potentiometry  is  used  the  actual  changes  in 
concentration  is  measured  resulting  in  "normal"  FIA  peaks,  i.e.,  peaks  like  those  shown  in 
the  upper  panel  of  Fig.  7.3. 


Fig.  7.3.  Yes/no  titration  peaks. 


How  can  peak  width  be  used  to  evaluate  the  acid  sample  concentration?  To  answer 
this  question,  it  is  necessary  to  ask  more  fundamental  questions  about  this  technique.  To 
start  with,  what  relationship  exists  between  the  time  elapsed  between  any  two  points  of 
equal  color  and  the  original  concentration  of  the  injected  sample?  An  estimate  of  this 
relationship  can  be  made  by  a  simplified  derivation  using  the  acid  sample,  HCI,  and  base 
titrant,  NaOH,  example.  The  following  terms  are  defined: 
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CA  concentration  of  HCI  (sample)  injected  into  the  carrier,  M 

Cg  concentration  of  NaOH,  M 

Qa  flow  rate  of  HCI,  ml/sec 

Qg  flow  rate  of  NaOH,  ml/sec 

Vg  volume  of  injected  sample,  ml 

V„  volume  of  gradient  chamber,  ml,  V,  <  < 
m  s  m 

t  time  during  which  the  color  of  the  acid  form  of  the  indicator  exists 
T  near  residence  time  of  a  species  in  the  gradient  chamber,  sec;  T  =  vm/  QA 
CA  concentration  of  HCI  leaving  the  gradient  chamber  at  time  t,  M 
CA0  maximum  concentration  of  HCI  attained  in  the  gradient  chamber,  M. 


The  following  situation  occurs  at  t  =  0  when  all  the  sample  has  entered  the 
chamber  and  nothing  has  left  it.  If  the  sample  is  ideally  mixed  in  the  chamber,  then: 

CA0=VCA/Vm  (7-2> 

The  following  further  assumptions  are  then  made: 

1 .  The  analyte  and  the  titrant  react  stoichiometrically. 

2.  The  solutions  in  the  gradient  chamber  are  well-mixed  so  that  a  simple 
tank-in-series  model  can  be  applied. 

3.  The  mixing  pattern  in  the  gradient  chamber  is  reproducible  so  that  a 
reproducible  concentration  gradient  of  the  sample  is  created. 

With  all  these  assumptions  made  the  following  relationship  is  obtained: 

<V  CA0=  9  ^  l7-3> 

At  t  =  0  C  A  equals  CA0  the  maximum  concentration  of  HCI  attained  in 
the  gradient  chamber.  At  the  point  when  the  indicator  returns  to  its  original  color  the  acid 
concentration  and  the  base  concentration  match  each  other.  Thus,  the  color  change 
occurs  at  a  specific  value  of  CA,  CAQ ,  regardless  of  the  original  concentration  of  CA  . 
The  value  of  C  Agq  depends,  for  a  given  manifold  design,  on  the  concentration  of  the 
base,  Cg  ,  only. 

By  inserting  t  and  CAeq  in  Eqn.  7.3,  the  following  expression  is  obtained: 
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CA  /CA„=e‘WT 

Aeq '  AO 

(7.4) 

Now  the  relationship  between  t  and  CAQcan  be  derived 

,nCAeq-,nCAO=e'teq/T 

(7.5) 

^=T‘,nCAO-T‘,nCAeq 

(7.6) 

It  can  be  concluded  that  t^  is  related  to  the  logarithm  of  the  sample  concentration. 

The  limiting  factor  in  the  use  of  the  titration  method  is  that  the  theory  used  to 
generate  the  previous  equations  assumes  the  ideal  tank  mixing  process.  In  reality  this  is 

never  the  case.  This  explains  the  fact  that  the  calibration  curves  have  the  shape  shown 
in  Fig.  7.4.  The  useful  range  is  in  the  linear  region  of  the  curve. 


PEAK  WIDTH 


Fig.  7.4.  Typical  FIA  titration  calibration  curve. 


As  can  be  seen  in  Fig.  7.4  the  plot  for  an  FIA  titration  is  peak  width  as  a  function 
of  log  concentration.  The  peak  width  is  measured  as  time  or  length.  The  r.s.d.  varies  as 
a  function  of  concentration  with  higher  concentrations  exhibiting  the  higher  r.s.d.  values. 

FIA  titrations  still  follow  the  basic  principles  of  classical  titrimetric  chemistry. 
Therefore,  polyprotic  acids,  like  carbonic  and  phosphoric  acids  or  even  acid  mixtures, 
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can  be  titrated  under  FIA  conditions.  Varying  concentrations  of  the  polyprotic  acid  will 
still  produce  different  peak  width  values.  FIA  titrations  are  not  limited  to  acid-base 
chemistry.  Redox,  compleximetric  and  precipitation  titrations  can  also  be  carried  out 
under  FIA  conditions.  There  has  been  some  discussion  as  to  whether  FIA  titrations  are 
dilutions  instead  of  titrations.  The  current  application  of  this  technique  clearly  indicates 
that  titrations  have  occurred  in  two  segments,  one  before  and  one  after  peak  maximum. 
However,  it  should  be  noted  that  there  is  a  practical  limitation  on  the  effective  range  of 
concentrations  over  which  the  FIA  titration  can  be  used.  Some  shifting  of  the  range  can 
be  accomplished  by  varying  the  titrant  concentration. 


7.3  GRADIENT  DILUTION 


In  the  batch  mode,  if  a  sample  is  too  concentrated,  it  is  diluted  and  the 
determination  rerun.  Is  it  possible  to  avoid  this  time  consuming  and  error  producing  step 
using  the  FIA  gradient?  The  answer  is  yes.  Assuming  that  enough  reagent  is  present  to 
react  with  only  a  certain  percentage  of  the  sample,  the  FIA  peak  would  look  like  the  one 
shown  in  Fig.  7.5. 


SIGNAL 


Fig.  7.5.  An  FIA  peak  which  is  caused  by  nonlinear  chemistry/detection  or  lack  of  reagent. 
Solid  line  is  the  observed  peak,  while  the  dotted  line  is  the  expected  peak. 


As  long  as  the  chemistry  and  the  detector  system  behave  ideally  in  the 
concentration  regions  being  applied,  they  will  not  adversely  effect  the  observed  linearity. 
The  potential  problems  are  insufficient  reagent(s),  inhibition  of  reactions  and  nonideal 
detector  response.  If  there  is  insufficient  reagent  to  ensure  complete  reaction  or  maintain 
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the  kinetic  rates,  then  the  sample  response  curves  will  be  non-linear.  Other  reaction 
products  could  inhibit  the  formation  of  the  observed  reaction  product.  If  any  of  the  points 
on  the  gradient  are  at  a  level  where  the  validity  of  Beer’s  law  is  in  question,  then  the 
detector  becomes  the  limiting  factor. 

As  a  rule,  most  of  the  limitations  will  occur  with  high  sample  concentrations. 
Therefore,  the  linearity  of  response  will  be  affected  first  at  the  peak  maximum.  The  tailing 
portion  of  the  peak  will  most  likely  exhibit  a  linear  response.  This  means  that  an 
oversized  injection  or  a  highly  concentrated  sample,  which  would  be  off  scale  at  peak 
maximum,  could  be  evaluated  at  some  other  point  on  the  peak. 

The  technique  called  gradient  dilution  was  first  described  and  used  in  1982  to 
overcome  these  problems  (1).  It  is  based  on  the  utilization  of  points  along  the 
concentration  profile  other  than  the  peak  maximum.  Any  of  these  points  can  be  used  to 
give  information  as  useful  as  the  peak  maximum.  Therefore,  as  long  as  the  observation 
of  the  signal  is  made  at  the  same  time  after  the  injection,  see  Fig.  7.6,  reproducibility  is 
ensured. 


SIGNAL 


Fig.  7.6.  The  dispersed  sample  zone  where  points  T1?  T2,  and  T3  are  observation  times. 


Each  T  corresponds  to  a  specific  dispersion  coefficient  for  the  dispersed  sample. 
Consequently,  it  is  possible  to  produce  a  series  of  calibration  curves  using  different  points 
on  the  FIA  peak.  Fig.  7.7  shows  an  example  of  this  principle. 
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Fig.  7.7.  Multiple  calibration  curves  from  the  same  set  of  FIA  peak.  S,,  S2  and  S3  are 
response  curves  resulting  when  injecting  corresponding  standards.  The  signal  evaluation 
was  made  at  times  T,,  T2and  T3. 


Utilizing  the  gradient  to  produce  multiple  calibration  curves  is  a  logical  step  since 
all  the  information  needed  is  already  contained  within  the  FIA  peaks.  Since  each  segment 
contains  different  relative  concentrations  of  both  reagent(s)  and  sample  the  net  effect  is, 
in  fact,  a  type  of  serial  dilution. 


7.4  STOPPED-FLOW 

Stopped-flow  FIA  measurement  have  been  previously  discussed  in  Chapter  5.  This 
technique  is  used  to  meet  two  different  objectives.  First,  an  increase  in  signal  can  be 
observed  because  the  residence  time  is  increased.  Obviously,  the  assumption  is  that  the 
analytical  reaction  is  continuing  during  the  stopped-flow  period.  Therefore,  increased 
residence  time  equals  increased  reaction  time,  yielding  a  larger  signal  until,  ultimately, 
steady  state  is  reached.  The  sample  can  either  partially  reside  in  the  flow  cell  of  the 
detector  or  completely  outside  of  the  detector  cell. 

The  second  objective  is  to  compensate  for  variations  in  background  signal  produced 
by  the  potential  interferences  or  differences  in  the  sample  matrix.  This  is  best  illustrated 
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by  taking  an  application  from  the  wine  industry,  the  determination  of  sulfur  dioxide  by 
pararosaniline  in  red  wine  (2).  The  sulfur  dioxide/pararosaniline  complex  is  red.  The 
sample  matrix  is  also  red.  The  only  way  to  "see"  the  desired  chemistry  is  to  observe  the 
growth  of  the  red  signal.  The  increase  is  due  only  to  the  analytical  reaction  and  not  to  the 
background  matrix. 

Some  researchers  will  argue  that  the  stopped-flow  technique  also  has  a  third 
purpose,  measurement  of  reaction  rates.  This  technique  may  be  adequate  for  first  and 
psuedo  first  order  reactions.  However,  serious  questions  remain  about  higher  order 
reaction  rates.  Several  of  the  procedural  difficulties  observed  with  traditional  stopped-flow 
kinetic  experiments  may  well  exist  in  the  FIA  procedure.  Future  research  will  hopefully 
answer  these  questions. 

Stopped-flow  can  be  accomplished  without  a  detrimental  effect  on  sample  zone 
dispersion.  One  of  the  basic  rules  of  FIA  states  that  in  order  to  increase  the  residence 
time  the  reaction  coil  should  be  shortened  and  the  flow  rate  decreased.  Stopped-flow  is 
the  ultimate  design  with  no  effective  coil  length  and  zero  flow  rate.  The  only  mixing  that 
occurs  is  the  contribution  from  molecular  diffusion.  The  impact  on  radial  dispersion  is 
significant  while  it  is  negligible  on  axial  dispersion.  Fortunately,  it  is  the  radial  dispersion 
which  is  desirable  in  terms  of  mixing  during  the  stopped-flow  time  period.  This  is  why  a 
gain  in  reaction  time  (and  also  residence  time)  is  accompanied  by  no  observable  increase 
in  dispersion  coefficient. 

When  the  sample  zone  is  stopped  inside  the  flow  cell,  it  is  possible  to  record  the 
actual  growth  of  the  signal.  To  utilize  this  technique  in  practice,  it  is  necessary  to 
reproducibly  control  the  movement  of  the  carrier  stream.  Also,  the  time  of  the  stopped 
period  must  be  accurately  controlled.  Reproducible  timing  and  controllable  sample 
dispersion  both  contribute  to  FIA’s  applicability  in  a  stopped  flow  mode.  However,  it 
should  be  pointed  out  that  the  pumps  are  the  critical  component  in  this  process.  They 
must  be  reproducibly  stopped  at  the  designated  time.  Some  current  pumps  do  not  have 
this  capability. 

The  sample  can  also  be  stopped  before  the  flow  cell.  This  may  be  necessary  when 
the  chemical  reaction  is  affected  by  the  photochemistry  which  may  occur  in  the  cell 
compartment.  It  is  also  advisable  to  ensure  that  the  change  in  observed  signal  is  not  a 
result  of  interaction  between  reagent(s)  and  the  carrier.  Such  an  interaction  would  exhibit 
a  baseline  change  also  when  the  sample  is  not  present  in  the  system. 

Fig.  7.8  shows  a  set  of  different  stopped  flow  FIA  peaks.  If  no  reaction  is  occurring 
the  observed  signal  is  essentially  a  flat  line  parallel  to  the  existing  baseline  (Fig.  7.8b). 
However,  if  the  reaction  producing  the  detected  species  is  proceeding,  the  observed  signal 
increases  (Fig.  7.8a).  A  third  possibility  exists,  namely  that  the  detected  species  is 
degraded  with  time  (Fig.  7.8c). 
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a  b  c 

Fig.  7.8.  Example  of  peaks  produced  during  a  stopped-flow  period.  For  details,  see  text. 


How  is  the  evaluation  of,  for  instance,  the  increasing  signal  in  Fig.  7.8a  performed? 
Fig.  7.9  assumes  that  the  increase  in  signal  obtained  during  the  stop  period  of  the  pump(s) 
is  due  to  only  the  analytical  chemistry  and  not  other  factors.  Therefore,  this  increase  can 
be  related  to  the  analyte  concentration.  In  practice,  the  relationship  between  analyte 
concentration  and  signal  change  is  not  necessarily  linear. 


SIGNAL 

CHANGE 


Fig.  7.9.  Stopped-flow  signal  where  the  analyte  continues  to  react  with  the  reagent,  a,  b 
and  c  designate  the  signals  used  for  construction  of  the  calibration  graph. 
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7.5  GRADIENT  TECHNIQUES  BASED  ON  PENETRATING  ZONES  (CHASING  ZONES) 

The  most  complex  concept  in  the  family  of  gradient  techniques  is  penetrating  or 
chasing  zones.  Penetrating  zones  is  based  upon  the  intermixing  of  the  gradients  formed 
when  two  (or  multiple)  zones  are  injected  simultaneously  at  different  sites  in  a  common 
carrier.  Fig.  7.10a  shows  the  two  zones  A  and  B  injected  as  distinct  plugs.  As  the  plugs 
flow  downstream  the  dispersion  process  results  in  zone  spreading,  Fig.  7.10b.  Eventually, 
zone  A  disperses  into  zone  B,  Fig.  7.10c.  The  overlapped  region  AB  is  comprised  of  the 
back  edge  of  zone  A  and  the  front  edge  of  zone  B. 


AB 


c 


Fig.  7.10.  Depiction  of  the  two  zones  A  and  B  in  penetrating  zones  a)  just  transferred  to 
the  carrier  stream,  b)  initial  dispersion,  and  c)  partial  overlap  (AB). 


There  are  at  least  two  ways  to  accomplish  the  insertion  of  the  two  zones  into  the 
common  carrier  stream.  The  simplest  way  is  to  use  a  two-channel  injector  and  a  manifold 
as  shown  in  Fig.  7.11. 
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Fig.  7.11.  Asimpie  manifold  for  performing  penetrating  zones.  C  =  carrier,  R  =  reagent, 
DET  =  detector,  W  =  waste.  A  and  B  are  the  injected  solutions. 
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The  second  approach  is  to  use  a  one-channel  valve  with  by-pass  coils  for  both 
carrier  and  sample,  see  Fig.  7.12. 


a 


w 

w 


b 
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W 
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Fig.  7.12.  Manifold  for  performance  of  penetrating  zones  using  a  one-channel  valve 
furnished  with  by-passes  for  carrier  and  sample.  For  details,  see  text. 


The  original  by-pass  coil  for  the  carrier  is  removed  and  replaced  with  a  tube 
connecting  port  1  with  the  pump  tube  for  R  and  a  restriction  coil  leading  to  waste  (port  3). 
Solution  B  is  introduced  via  port  3.  The  by-pass  coil  for  the  sample  is  denoted  by  the 
broken,  horizontal  line  just  above  the  vessel  A  in  Fig.  7.12a. 

In  the  fill  position  the  solution  A  is  aspirated  into  the  injector  loop  which  connects 
ports  2  and  4  in  Fig.  7.12a.  The  reagent,  R,  is  used  as  a  carrier  and  flows  directly  to  the 
manifold  via  port  1 .  Solution  B  flows  via  port  3  and  the  narrow  restrictor  to  waste  (or  is 
recollected). 
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After  injection,  see  Fig.  7.12b,  solution  B  pushes  solution  A  out  of  the  loop,  into  the 
reagent  stream.  The  total  flow  rate  through  the  manifold  increases  during  the  time  the 
injector  resides  in  inject  position.  There  must  be  no  flow  out  of  port  3  via  the  narrow 
restrictor  to  waste.  The  restrictor  is  dimensioned  so  that  this  is  fulfilled.  Solution  A  can 
still  be  aspirated  to  waste  via  the  by-pass  coil. 

Eventually,  all  solution  in  the  injection  loop  connecting  ports  1  and  3  merges  with 
reagent.  At  this  point,  solution  B  starts  to  enter  the  reagent  stream  and  continues  to  do 
so  as  long  as  the  injector  remains  in  inject  position.  When  a  sufficient  amount  of  solution 
B  has  been  introduced,  the  injector  returns  to  the  fill  position.  The  resulting  stream  is 
illustrated  in  Fig.  7.12c.  The  size  of  plug  A  is  determined  by  the  size  of  the  injector  sample 
loop  and  the  size  of  plug  B  by  the  time  during  which  the  injector  is  in  inject  position. 

One  obvious  application  of  the  pentrating  zones  technique  is  for  selectivity  studies 
(3).  Selectivity  of  any  given  chemical  method  is  the  most  important  and  all  too  often 
overlooked  aspect  of  analytical  chemistry.  Part  of  this  problem  exists  since  the  work 
required  to  completely  understand  the  interfering  chemistry  can  be  extremely  time 
consuming  and  tedious.  Furthermore,  in  order  to  determine  the  extent  of  interference,  a 
precise  and  accurate  evaluation  is  required.  FIA  with  its  high  reproducibility  is  a  natural 
candidate  to  improve  the  way  in  which  analytical  chemists  might  evaluate  interferences. 

In  a  pentrating  zone  experiment  the  dispersion  coefficient,  D,  will  have  a  definite 
value  at  any  specific  time,  t,  for  each  sample  or  reagent  zone.  The  ratio  of  D  values  for 
the  injected  zones  will  remain  constant  for  any  value  of  t  as  long  as  the  manifold  and  flow 
parameters  remain  unchanged. 

Assume  that  A  is  the  analyte  to  be  studied  with  respect  to  the  interfering  species 
B.  The  concentrations  of  A  and  B  are  denoted  CA  and  C  B,  respectively. 

The  measured,  apparent  concentration  of  A,  CApp  ,  can  either  be  positively  or 
negatively  influenced  by  the  presence  of  species  B  in  the  sample.  C  App  can  be  related 
to  CA  and  Cp  by  defining  a  selectivity  coefficient,  KAB: 


CAPP"  CA  + 


KAB*  CB 


(7.7) 


Kab  should  be  regarded  as  a  conditional  selectivity  coefficient  since  its  value  may  be 
influenced  by  variations  in  the  sample  matrix.  It  may  also  change  value  when  CAand 
CB  are  varied  over  large  concentration  ranges. 

When  A  and  B  are  injected  in  an  FIA  system,  like  the  one  illustrated  in  Fig.  7.11, 
any  of  the  measured  concentrations  CA  and  CQ  can  be  related  to  their  original 
concentrations  according  to 

DA  =  <WCAand  DB  =COb/CB 


(7.8) 
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where  DA  and  DQ  are  the  dispersion  coefficients.  By  injecting  pure  solution  A  using 
either  of  the  two  injectors  and  plotting  the  two  response  curves  in  the  same  diagram,  a 
point  M  can  be  found  where  the  two  curves  intersect,  see  Fig.  7.13. 


SIGNAL 


Fig.  7.13.  Two  response  curves,  I  and  II,  obtained  by  injecting  pure  analyte  using  one  of 
the  two  injectors  at  a  time,  t  |n-  denotes  time  of  injection,  t  m  is  the  time  elapsed  from 
injection  to  attainment  of  the  point  M,  the  intersection  of  the  two  response  curves. 


At  this  point,  the  dispersion  coefficients  for  the  two  curves  are  equal.  Point  M  can 
be  exactly  defined  through  the  value  of  tm,  see  Fig.  7.13. 

How  is  it  possible  to  use  the  response  curve  value  at  time  tm  to  estimate  KAQ  , 
conditional  selectivity  coefficient?  The  actual  experiments  are  the  following.  A  is 
injected  by  injector  I.  No  injection  is  made  by  injector  II.  The  response  curve  value  at 
t  is  H.. .  H..  is  directly  proportional  to  the  actual  concentration  of  A  at  this  point,  CA, 
which  in  turn  can  be  related  to  the  original  concentration,  C0A: 


Ht  =k*ca  =  k*coa/da 


(7.9) 


where  K  is  a  constant. 

Next,  A  is  injected  by  injector  I  and  the  interfering  species  B  by  injector  II.  The 
response  curve  reading  at  tm  is  H2  .  The  following  equation  is  then  derived  for  H2  : 
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h2  =  k*<ca  +  kabcb>  =  k*(coa/da+  kab  cob/db>  (7-10) 

If  H2  >  the  value  of  KAB  is  positive,  i.e.,  presence  of  B  in  the  sample  gives  rise 
to  too  high  values  of  A.  It  is  advisable  to  evaluate  KABfor  a  complete  set  of  B  solutions 

covering  the  possible  concentration  range  of  this  interfered. 

The  second  potential  use  of  penetrating  zones  is  a  logical  extension  of  the 
interference  type  study.  If  the  second  injected  zone  is  a  standard  instead  of  an  interfered, 
is  it  possible  to  use  the  observed  combined  signal  as  a  standard  addition  type  experiment? 
The  answer  is  yes.  It  species  A  is  an  unknown  sample  then  a  known  concentration  of 
analyte  can  be  injected  as  B.  The  readout  is  observed  at  either  the  point  of  equal 
dispersion,  where  the  previous  equation  is  valid,  or  at  any  other  point  along  the  interface 
of  the  two  dispersed  zone  gradients,  assuming  that  the  ratio  of  dispersion  coefficients  of 
each  selected  delay  time  is  constant. 

In  some  cases  the  penetrating  standard  zone,  B,  can  be  an  "infinitely"  longer  zone 
than  the  sample  zone,  A.  Therefore,  as  long  as  the  sample  zone  is  large  enough  or  the 
overall  dispersion  small,  the  "A"  zone  is  not  completely  overlapped  by  the  standard  zone. 
The  gradient  section  or  the  rising  part  of  the  sample  peak  is  diluted  exclusively  by  the 
carrier  stream  which  is  free  of  standard  solution.  The  tailing  section  is  diluted  entirely  with 
standard.  If  the  readouts  are  made  at  times  (points)  corresponding  to  sections  having 
identical  dispersion  coefficients  at  the  front  and  tailing  parts  of  the  sample  zone,  t^ 
and  t^  ,  the  amount  of  standard  added  to  the  sample  at  t^  can  be  determined. 

The  third  potential  application  for  penetrating  zones  is  for  identification  of  mixtures. 
When  using  specific  detectors  such  as  infrared,  many  compounds  will  have  absorption 
peaks  at  or  near  the  same  wavelength.  Therefore,  some  type  of  preparation  step,  a  hybrid 
technique  like  liquid  chromatography-IR,  can  be  carried  out  preceding  detection.  By 
combining  the  techniques  of  FIA  penetrating  zones  and  chemometrics  it  would  be  possible 
to  elucidate  the  components  of  a  mixture  by  observing  the  forward  state  underivatized 
components  and  derivitized  components  in  the  overlap  peak  area.  This  type  of  approach 
is  not  ready  for  unknown  mixtures,  but  can  be  routinely  used  for  samples  or  processes 
where  the  composition  is  known. 
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CHAPTER  8 


DEVELOPING  AN  FIA  METHOD 


8,1  INTRODUCTION 


Is  there  a  trick  to  converting  an  existing  batch  or  continuous-flow  method  to  an  FIA 
method?  Actually,  there  is  no  universal  way  to  develop  an  FIA  method.  In  many 
situations  the  chemical  principle  applied  during  the  batch  method  for  the  samples  might 
still  be  applicable  for  the  FIA  procedure.  The  actual  sample  and  reagent  concentrations 
can  easily  be  calculated  for  the  batch  method  mixture.  Corresponding  concentrations,  as 
well  as  dilution  factors,  can  be  reproduced  in  the  FIA  system.  All  these  parameters  can 
be  quickly  changed  in  the  FIA  system  to  exactly  match  the  batch  conditions  and/or  to 
optimize  the  FIA  method.  In  other  words,  the  sample  dispersion  (or  dilution)  is 
controllable.  This  intrinsic  property  of  FIA  was  treated  at  some  length  in  Chapter  2.6. 

Flow  schemes  for  air-segmented  analyzers  are  useful  when  developing  an  FIA 
method.  The  flow  ratios,  the  reaction  times  and  the  reagent  concentrations  provide 
important  information  about  the  automated  form  of  the  method.  There  is  a  good  chance 
that  the  conditions  for  the  sample  in  an  air-segmented  system  can  be  created  in  the 
corresponding  FIA  system.  However,  there  are  methods  which  are  not  easily  converted. 
For  example,  if  the  air-segmented  method  requires  that  the  sample  is  mixed  with  strong 
acid  and  kept  in  a  thermostatted  coil  at  90  *C  for  15  min,  it  can  immediately  be  concluded 
that  the  method  is  not  suitable  for  FIA.  But  less  complicated  methods  involving  up  to 
three  reagents,  dilution,  dialysis  or  extraction  and  with  residence  times  of  less  than  5 
minutes  would  have  a  good  probability  of  being  converted. 

Method  development  with  FIA  is  usually  fast.  The  response  time  is  short,  in  most 
cases  30  -  60  seconds.  This  means  that  the  consequence  of  a  change  in  the  manifold 
design  can  be  registered  promptly.  But  there  are  a  lot  of  parameters  that  can  be  changed 
and  they  are  often  interrelated.  So,  at  least  in  theory,  a  huge  optimization  problem  is  to 
be  solved  each  time  a  new  FIA  method  must  be  developed.  Consequently,  multivariate 
methods  have  been  applied  (1).  In  practice,  a  limited  number  of  experiments  is  carried 
out  based  on  experience  and  intuition  rather  than  on  any  multivariate  model.  Often  this 
leads  to  a  method  that  solves  the  analytical  problem  but  if  the  method  is  to  operate  at  its 
performance  limits  then  a  more  careful  and  scientific  approach  is  recommended. 


141 


8.2  CHECK  LIST  FOR  METHOD  DEVELOPMENT 

The  variations  in  detector  parameters  can  effect  the  way  the  FIA  method  is 
developed.  The  following  check  list,  originally  described  by  Moller  (2)  can  be  applied  to 
development  of  a  photometric  FIA  method.  The  list  may  be  useful  for  other  detectors  as 
well.  However,  some  additional  consideration  related  specifically  to  optimized  detection 
may  be  added  to  this  basic  list. 

Step  1.  Define  the  analyte.  Define  the  sample  matrix.  Define  the  analytical  range. 

Step  2.  a)  Study  the  literature  about  the  different  analyte  methods: 

-  FIA  methods  (see  bibliography) 

-  air-segmented  flow  methods 

-  official  methods 

-  other  methods 

b)  Study  the  literature  about  method  performance  and  properties: 

-  chemical  principle 

-  selectivity 

-  sensitivity 

-  analytical  range 

-  interferences 

c)  Study  the  literature  about  sample  pretreatment  procedures  and 
requirements. 

Step  3.  Judge  the  following  aspects  for  the  method  choice: 

-  working  range/sensitivity 

-  selectivity 

-  sample  matrix  variations 

-  interferences 

-  reaction  rates 

-  approval  by  regulatory  agencies 

-  possibility  to  fit  the  method  to  FIA 

-  availability/price/toxicity  of  reagents 

-  availability/price/flow  through  possibility  of  the  detector 


Then  make  the  method  choice. 
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Step  4.  Design  an  FIA  manifold  for  the  chosen  method  and  for  the  choice  of  reagent 
concentrations.  Aspects  like  dispersion  (dilution),  working  range,  sensitivity, 
sample  throughput,  expected  matrix  effects,  etc.  will  determine  the  design. 
Some  guidelines: 

•  for  maximum  sensitivity,  increase  the  flow  rate  of  the  carrier  and  decrease 
the  flow  rates  of  the  reagents,  and  increase  the  sample  volume  (up  to 
200  mO- 

-  to  minimize  the  influence  from  the  sample  matrix,  match  the  composition 
of  the  carrier  to  that  of  the  sample  (pH,  ion  strength,  etc.) 

-  to  maximize  sample  throughput,  decrease  the  sample  volume,  increase  the 
total  flow  rate,  decrease  the  coil  length  and  coil  diameter. 

Step  5.  Perform  the  first  tests  of  the  designed  manifold: 

a)  baseline  stability  -  are  the  carrier  and  reagents  efficiently 
mixed? 

b)  determine  the  dispersion  coefficient  of  the  system  using  a  dye  (see 
Chapter  2.6). 

c)  inject  a  standard  -  is  the  observed  signal  reasonably  large? 

Compare  with  the  batch  method. 

d)  measure  the  pH  in  the  waste  line  -  is  it  within  the  expected  limits? 

e)  scan  an  absorbance  spectrum  of  the  reaction  product  with  blank 
correction  -  is  the  selected  wavelength  appropriate? 

f)  check  the  peak  shape  -  is  the  mixing  complete?  Is  the  carrier  adapted  to 
the  standard/sampie? 

g)  perform  a  stopped-flow  experiment  -  does  the  absorbance  value  increase 
during  the  stop  period?  Has  the  reaction  reached  completion? 

Step  6.  Check  the  influence  of  pH  on  the  reaction.  Observe  the  signal  response  at 
different  pH-values.  Stopped-flow  measurements  should  be  performed  and 
the  absorbance  characteristics  registered. 

Step  7.  Check  the  influence  of  temperature  on  the  reaction,  for  example  at  25, 35  and 
50  °C. 

Step  8.  Optimize  the  manifold  design  with  respect  to  working  range,  linearity,  sample 
throughput,  reproducibility,  etc.  using  the  following  variables: 

-  injection  volume 

-  carrier  flow  rate 

-  carrier  composition 
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•  reagent  flow  rate 

-  reagent  composition 

•  coil  length 

•  coil  diameter 

-  instrumental  settings 

-  temperature 

Follow  up  changes  in  manifold  design  by  stopped-flow  and  dispersion 
measurements. 

Step  9.  Check  the  Influence  of  interfering  species.  Spike  a  standard  (or  sample) 
solution  with  the  interfered  to  be  investigated. 

Step  10.  Check  the  validity  of  the  method: 

-  analysis  of  actual  samples 

-  recovery  studies 

-  reproducibility  studies 

-  stability  tests  (both  samples  and  reagents) 

-  analysis  of  standard  reference  material 

-  comparison  with  reference  methods 

•  interlaboratory  tests. 


8.3  HOW  TO  USE  THE  CHECK  UST  FOR  METHOD  DEVELOPMENT  -  AN  EXAMPLE 

The  check  list  in  the  previous  section  is  now  going  to  be  used  to  develop  an  FIA 
method  for  the  determination  of  iron  in  water. 

Step  1.  The  analyte  is  iron.  The  sample  matrix  is  well,  spring,  surface  or  drinking 
water.  The  concentration  range  is  0  - 1.0  mg/I. 

Step  2.  Both  continuous  flow  and  FIA  methods  for  iron  have  been  described  in  the 
literature.  Colorimetric  methods  using  o-phenanthroline  (A)  and  TPTZ 
(2,4,6-Tri-2-pyridil-1,3,5  triazine)  (B)  are  standard  methods  in  several 
countries.  Ferrozine  (3-(2-pyridil)-5,6-bis  (4-phenylsulfonic  acid)-l,2,4 
triazine,  disodium  salt)  is  a  relatively  new  reagent  (C).  A  comparison  of  the 
molar  absorptivities  shows  that  an  FIA  method  based  on  Ferrozine  should 
result  in  a  more  sensitive  method. 
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Reagent  Molar  absorptivity 


A  11,100 

B  22,600 

C  27,900 


The  iron-Ferrozine  complex  should  also  have  a  good  water  solubility.  The 
ferrous  ion,  Fe2+,  requires  six  electrons  to  complete  its  3d  orbitals  and 
possess  a  stable  electron  configuration.  Therefore,  it  is  likely  that  three 
Ferrozine  molecules  complex  the  ferrous  ion  octahedrally  in  a 
cis-configuration. 

At  low  pH-values,  the  nitrogen  sites  are  deactivated.  Buffering  to  a  pH  value 
of  about  4.5  is  necessary  (acetate  buffer).  Other  metal  ions  in  the  iron  group 
in  the  periodical  table  are  the  most  likely  to  interfere.  However,  for  the 
samples  in  question  the  concentration  levels  of  these  metal  ions  should  be 
far  below  any  interfering  level.  Since  Ferrozine  reacts  with  Fe2+  but  not  with 
Fe3+  a  reduction  step  is  required.  Hydroxylamine  hydrochloride  is  selected 
for  this  purpose. 

Polyphosphates  in  the  sample  matrix  might  complex  with  iron.  The  samples 
are  therefore  pretreated  with  hydrochloric  acid.  In  some  cases  even  boiling 
of  the  acidified  sample  or  digestion  with  potassium  peroxidisulfate  might  be 
necessary. 

Step  3.  Ferrozine  seems  to  fulfill  the  working  range  and  sensitivity  requirements. 

Selectivity  for  Fe2+  is  also  promising.  The  reagents  are  commercially 
available  (Ferrozine  and  hydroxylamine  hydrochloride). 

Step  4.  Maximum  sensitivity  is  strived  for,  i.e.  the  dispersion  coefficient  should  be 
close  to  1.  The  carrier  flow  rate  should  thus  be  high  while  the  reagent  flow 
rates  should  be  kept  low.  The  sample  volume  should  be  large,  at  least  200 
Ml.  Fig.  8.1  shows  the  suggested  manifold. 


145 


200  /il 


w 


Fig.  8.1.  Theoretical  manifold  design  for  determination  of  iron.  R1  =  combined  reagent 
of  Ferrozine  and  hydroxylamine  hydrochloride  and  R2  =  buffer  solution  (10%  sodium 
acetate).  Numbers  at  coils  denote  length/i.d.  (cm/mm). 


The  calculated  dispersion  coefficient  for  this  FIA  system  is  about  1.3 
provided  that  a  large  sample  volume  (>200  mO  is  injected.  Even  lower 
dispersion  coefficients  can  be  achieved  by  increasing  the  carrier  flow  rate 
further  and  by  decreasing  the  reagent  flow  rates  at  the  same  time.  However, 
this  could  lead  to  back  pressure  in  the  system  with  an  insufficient  reagent 
supply  as  a  consequence.  Poor  reproducibility  would  then  result.  By 
increasing  the  injected  sample  volume  above  200  m!  very  little  is  gained.  On 
the  contrary,  peak  broadening  occurs  and  the  sampling  frequency  drops 
drastically. 

Some  calculations  of  the  necessary  reagent  concentration  can  now  be  made. 
At  the  upper  concentration  level  (1  mg/I)  R1  dilutes  the  injected  sample 
by  a  factor  of  2/(2  +  0.3)  derived  from  flow  rates.  The  resulting 
concentration,  0.870  mg/I,  corresponds  to  a  0.0156  mM  Fe  solution.  The 
reagent  concentration  is  assumed  to  be  y  mM.  In  this  case  the  carrier 
dilutes  the  reagent  R1  by  a  factor  of  0.3/(2  +  0.3)  corresponding  to  a 
concentration  of  0.130  y  mM  at  the  first  confluence  point.  Each  ferrous  ion 
binds  three  Ferrozine  molecules.  Assuming  further  that  a  5-fold  reagent 
excess  is  satisfactory,  then  0.130  y  =  3  •  5  *  0.0156  and  y  =  1 .80  mM  which 
corresponds  to  0.926  mg/I  of  Ferrozine  (MW:  514.36).  So  R1  is  composed 
of  0.926  mg  Ferrozine  and  35  g  hydroxylamine  hydrochloride  per  liter. 
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Step  5.  Baseline  seems  to  be  steady.  The  dispersion  coefficient  turned  out  to  be 
1.11  instead  of  the  "theoretical"  value  of  1.3  for  a  200  pi  sample.  This 
difference  can  be  due  to  different  aging  of  pump  tubes  and  to  back  pressure 
in  the  system.  The  detector  response  was  good  when  a  standard  was 
injected  but  an  appreciable  matrix  effect  (negative  and  positive  deflections 
before  and  after  the  peak)  appeared,  see  Fig.  8.2. 


Figure  8.2.  Detector  response  obtained  with  the  initial  manifold  for  iron.  200  pi  of  a  200 
pg/l  Fe3+  standard  solution  was  injected  (a).  A  stopped-flow  response  curve  for  the  same 
standard  (b). 


The  magnitude  of  the  obtained  signal,  about  0.1  A.U.,  corresponds  roughly 
to  the  theoretical  batch  value  which  can  be  calculated  using  the  molar 
absorptivity  value  of  27,900.  The  pH  value  of  the  waste  line  was  4.5 
indicating  that  the  buffering  capacity  of  the  R2  solution  was  adequate.  The 
absorbance  of  the  iron-Ferrozine  complex  showed  a  maximum  at  560  nm,  see 
Fig.  8.3. 


ABSORBANCE 
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Fig.  8.3.  Absorbance  spectrum  for  the  iron-Ferrozine  complex  at  pH  4.5. 


As  already  mentioned,  the  peak  shape  is  distorted  due  to  influence  from  the 
sample  matrix.  This  can  probably  be  remedied  by  changing  the  carrier 
stream  composition.  Thus,  some  further  experiments  are  needed.  At  this 
point  it  cannot  be  concluded  that  the  mixing  is  complete  but  the  total  length 
of  mixing  coils  in  the  system  should  be  sufficient.  However,  it  is  too  early  to 
be  absolutely  positive  about  that.  Different  stopped-flow  experiments  showed 
that  the  reaction  was  fast  and  almost  complete,  see  Fig.  8.2b.  Several 
experiments  were  performed  with  stops  made  at  different  times  meaning  that 
different  sections  of  the  sample  gradient  were  trapped  in  the  flow  cell  for 
the  purpose  of  reaction  rate  observations.  In  this  way  a  large  variety  of 
sample/reagent  concentration  ratios  was  created.  The  reaction  was  fast  in 
all  cases  so  it  can  be  concluded  that  the  original  reagent  excess  (5-fold)  was 
quite  satisfactory. 

Step  6.  Different  pH  values  in  the  resulting  waste  line  were  created  by  changing  the 
composition  of  the  R2  solution  (by  addition  of  HCI  or  NaOH).  The  pH 
"window"  was  found  to  be  3.6  -  6.0. 
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Step  7.  The  following  peak  height  values  were  obtained  at  different  temperatures: 


Temperature  A.U. 

14  °C  0.399 

24  °C  0.417 

35  •  C  0.449 

48  *C  0.470 


The  immediate  conclusion  is  that  rather  little  is  to  be  gained  by  raising  the 
temperature.  The  gain  is  probably  outbalanced  by  the  disadvantages 
resulting  at  elevated  temperatures:  air  bubbles  released  in  carrier  and 
reagent  solutions,  slow  attainment  of  a  constant  temperature  value,  extra 
accessory  needed  (thermostat)  etc.  Some  stopped-flow  experiments  were 
also  made  at  the  different  temperatures.  No  significant  absorbance  increases 
resulted  during  the  stop  periods,  in  fact,  the  reaction  had  reached  at  least 
90%  of  the  "steady  state  value"  within  20  seconds. 

Step  8.  A  calibration  test  of  the  designed  manifold  displayed  linearity  over  the  range 
0.025  -  0.90  mg  Fe3+/L  However,  the  matrix  effects  made  the  peak  height 
evaluation  imprecise  especially  at  lower  concentrations.  These  effects  are 
often  rather  pronounced  in  low  dispersion  manifolds  and  when  highly 
concentrated  reagents  are  used.  The  carrier  flow  is  temporarily  interrupted 
during  the  turn  of  the  injection  valve  while  the  reagent  flows  are  not.  Local 
excesses  of  reagent  are  then  created  in  the  united  flow.  The  "ghost"  peaks 
occur  as  a  result  of  changes  in  refractive  index  caused  by  the  local  reagent 
excesses.  One  way  to  circumvent  this  problem  would  be  to  use  less 
concentrated  reagents  at  higher  flow  rates.  However,  this  will  lead  to  an 
increase  in  the  sample  dispersion  which  is  synonymous  with  a  decreased 
sensitivity.  The  first  step  must  be  elimination  of  the  matrix  effects  without 
paying  the  price  of  a  significant  decrease  is  sensitivity.  There  are  two 
possibilities,  either  to  use  an  injection  valve  with  a  by-pass  or  to  use  two 
carrier  streams,  see  Fig.  8.4. 
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Fig.  8.4.  Determination  of  iron  with  the  Ferrozlne  method.  Manifold  with  two  carrier 
streams  to  avoid  matrix  effects.  Numbers  above  coils  denote  coil  length/i.d.  (cm/mm). 
For  details,  see  text. 


The  second  carrier  flows  continuously  and  is  not  influenced  by  the  valve 
operations.  The  manifold  in  Fig.  8.4  yielded  a  dispersion  coefficient  of  about 
1.5  which  resulted  in  some  loss  in  sensitivity  in  comparison  with  the  original 
manifold  (D  =  1.1).  On  the  other  hand,  the  matrix  effects  disappeared  and 
very  reproducible  results  were  obtained.  The  calibration  graph  was  linear 
over  the  range  0.025  to  0.8  mg  Fe/I.  The  sampling  frequency  was  about  80/h 
for  an  injection  volume  of  200  pi.  It  has  already  been  shown  that  the  chemical 
reaction  for  the  method  is  extremely  fast.  Thus,  very  little  is  probably  gained 
by  increasing  the  coil  lengths.  A  coil  diameter  of  0.7  mm  was  preferred 
instead  of  the  usual  0.5  mm  since  improved  mixing  was  obtained.  The  steady 
baseline  obtained  for  0.7  mm  i.d.  coils  was  interpreted  as  proof  of  better 
mixing.  The  Ferrozine  concentration  was  decreased  from  0.93  to  0.75g/l  and 
the  sodium  acetate  solution  (R2)  was  diluted  from  10%  to  8%.  The  sample 
throughput  was  studied  for  different  injection  volumes,  see  Fig.  8.5. 
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Fig.  8.5.  Detector  response  (duplicate  injections)  and  sample  throughput  as  a  function  of 
injection  volume.  S  =  0.5  pg  Fe/I.  Manifold:  see  Fig.  8.4. 


As  a  result  of  this  study  the  injection  volume  of  200  pi  was  selected  as  a 
compromise  between  sensitivity  and  sample  throughput. 

Step  9.  Interference  studies  were  performed  for  chloride,  sulfate,  sodium,  calcium, 
manganese  and  phosphate  ions  present  at  common  concentration  levels  in 
typical  sample  matrices.  Deviations  in  signal  response  were  less  than  2% 
for  all  these  ions. 

Step  10.  Method  validation  is  an  important  step  in  all  application  development.  It  is 
applied  not  only  for  FIA  methods  but  for  all  developed  analytical  methods. 
Consequently,  it  will  not  be  treated  in  any  detail  here. 


8.4  FAULTFINDING  DURING  METHOD  DEVELOPMENT 

Many  apparent  malfunctions  of  an  FIA  system  can  be  traced  to  the  chemistry  of  the 
analytical  method  rather  than  to  shortcomings  of  the  hardware.  This  means  that  the 
essential  first  step  of  faultfinding  must  be  to  find  out  if  the  problem  has  a  chemical  or  a 
mechanical  origin  (or  both).  If  the  intended  analytical  method  is  adapted  to  FIA  for  the 
first  time  it  is  good  practice  to  check  the  chemistry  manually  in  a  batch  procedure  prior 
to  the  very  first  injection  of  standard  solution.  Sample  and  reagent  volume  proportions 
should  then  be  the  same  as  those  applied  later  on  in  the  FIA  system.  The  hardware  can 
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be  tested  separately  by  injection  of  a  dye  solution  in  the  case  of  spectrophotometric 
detection.  The  dye  solution  is  also  helpful  in  that  it  can  be  used  to  check  the  flows  in 
different  streams  as  well  as  to  check  the  function  of  the  injector.  PTFE  tubes  are  not 
particularly  transparent  but  a  dark-blue  dye  inside  almost  any  tube  can  be  readily 
distinguished. 

In  summary,  check  the  chemistry  first.  Use  the  check  list  below.  Then  proceed 
with  the  tests  of  the  hardware. 

Check  list,  chemistry 

Step  1.  Mix  the  standard/sample  with  the  reagent(s)  in  proportions  corresponding 
to  those  intended  to  be  applied  in  the  FIA  system.  Use  the  flow  rate  values 
according  to  the  color  codes  of  the  pump  tubes.  Note  that  nominal  and  real 
flow  rates  can  differ,  so  to  be  quite  sure  the  individual  flow  rates  should  be 
measured  by  pumping  water  out  of  a  vessel  with  a  known  volume  during  a 
known  time. 

Step  2.  Inject  or  pump  the  batch  mixture  into  the  FIA  system  (using  distilled  water 
as  carrier).  If  no  signal  response  is  obtained  then  check  carefully: 

-  the  detector  itself  (see  check  list,  hardware).  Use  a  second  detector,  if 
available,  to  verify  the  detector  malfunction 

•  the  reagent  used  to  prepare  the  reagent  solution.  Note  that  many  indicator 
names  are  almost  identical  (o-cresolphtalein  and  o-cresolphtalein 
complexone  are  two  quite  different  reagents) 

-  the  concentration  levels  of  sample  and  reagent  solutions. 

It  is  a  common  mistake  to  mix  up  g  and  mg... 

-  the  pH  of  the  standard/sample  solution,  the  pH  of  the  reagent(s), 
the  pH  of  the  resulting  mixture  leaving  the  FIA  detector. 

Check  list,  hardware 

Hardware  malfunctions  can  be  divided  into  four  main  categories  according  to  their 
origin:  liquid  delivery,  injection  valve,  manifold  and  detector  malfunctions. 

A.  Liquid  delivery  malfunctions 

Check  each  individual  flow  by  pumping  water  and 

-  replace  flat  or  misused  pump  tubes 

-  lubricate  pump  tubes  with  silicone  oil 


-  adjust  compression  cam/band  tension 

-  disconnect  the  injector  and  the  manifold. 

Is  the  liquid  delivery  OK  now?  If  yes,  connect  injector,  check  according  to  scheme 
below.  If  no,  continue  to  try  to  remedy  the  problem.  See  Chapter  3.4. 

Note  that  the  flow  rates  measured  individually  with  no  injector  or  manifold 
connected  will  change  when  all  flows  are  brought  together  and  passed  through  the 
injector/manifold.  Problems  with  the  flow  dynamics  in  the  system  may  arise  at  this 
point  if  high  flow  rates  are  combined  with  low  flow  rates.  The  individual  flow  rates 
will  also  change  significantly  if  a  narrow-bore  manifold  is  connected.  The  resulting 
back-pressure  could  even  give  rise  to  ceasing  or  reversing  flows!  A  redesign  of  the 
manifold  might  become  necessary  if  the  expected  flow  conditions  cannot  be 
accomplished. 

Injection  valve  malfunctions 

Use  a  dye  solution  when  checking 

-  the  aspiration  flow  rate 

if  the  stream  from  the  injector  to  waste  is  air-segmented  then  check  and  tighten  the 
connections  or  lower  the  aspiration  flow  rate.  Air  bubbles  may  be  formed  in  the 
sample  stream  due  to  underpressure  even  in  a  completely  tight  system 

-  the  sample  loop 

If  the  sample  loop  is  contaminated  by  grease  or  dirt  then  air  bubbles  easily  lodge 
in  the  loop.  Clean  or  replace  the  injection  loop 

-  the  by-pass  loop 

The  sample  may  leak  into  the  by-pass  so  that  it  is  partially  filled  during  the  sampie 
aspiration  cycle.  Fill  the  by-pass  with  air  or  dye  and  check  if  leaking  really  occurs. 
Check  both  valve  modes:  fill  and  inject.  The  i.d.  of  the  by-pass  tube  should  be 
smaller  than  the  i.d.  of  the  main  conduit  to  the  injection  valve,  see  Chapter  3.6. 

-  activation  of  the  injector 

Is  the  valve  turning  correctly  and  completely?  Is  it  returning  to  the  fill  position  at 
the  desired  time?  Visually  observe  the  injected  dye  slug  in  the  carrier.  This  test 
can  also  be  made  by  injecting  air  into  the  carrier.  The  resulting  air  segment  should 
not  be  segmented  with  liquid. 

-  the  carrier  flow  rate 

Is  the  real  flow  rate  close  to  the  expected  flow  rate?  Is  the  flow  rate  changed  when 
the  valve  is  activated,  i.e.  when  it  turns  from  the  fill  position  to  the  injection 
position? 
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C.  Manifold  malfunctions 

Pump  water  through  the  manifold.  Are  the  flow  channels  in  the  manifold  blocked? 
Remove  all  mixing  coils,  visually  check  all  channels  and  bores.  Use  nylon  thread 
(not  metal  wires)  to  clean  the  bores.  Connect  the  mixing  coils  one  by  one  and 
check  in  between  all  connections  to  make  sure  that  the  liquid  flows  in  a  normal 
manner. 

Tubing  constriction  points  and  material  flakes  or  pieces  in  the  manifold  channels 
should  definitely  be  avoided. 

Special  manifolds  were  described  in  Chapter  3.  Each  type  of  manifold  requires  its 
own  faultfinding  scheme.  It  is  beyond  the  scope  of  this  chapter  to  present 
faultfinding  schemes  for  all  manifold  types. 

D.  Detector  malfunctions 

Spectrophotometers: 

-  baseline  drift 

Allow  some  time,  minimum  30  minutes,  for  the  detector  to  warm  up. 

Check  if  air  bubbles  accumulate  in  the  flow  cell. 

Degas  carrier  and  reagent  solutions. 

Check  the  stability  of  the  light  source  and  of  the  photodiode,  photomultipliers,  etc. 
Are  the  reagents  degrading? 

•  background  absorbance  too  high 

Check  if  the  flow  cell  is  contaminated.  Clean  the  external  walls  of  the  flow  cell  with 
tissue  paper  soaked  in  acetone  or  absolute  ethanol. 

Clean  the  internal  parts  of  the  flow  cell  by  rinsing  with  5  M  sodium  hydroxide.  Use 
gloves  and  safety  glasses. 

Rinse  with  large  amounts  of  distilled  water  (or  weakly  acidic  solution). 

Have  the  reagent  solutions  become  discolored? 

Is  the  wavelength  setting  correct?  Perform  a  scan. 

-  precipitation  formation  in  the  flow  cell 

Can  the  concentration  levels  of  the  reagents  be  decreased? 

Is  it  possible  to  intermittently  add  a  rinse  solution  (e.g.  acid,  base,  EDTA)  to 
dissolve  the  precipitation? 

-  no  signal  change  observed  upon  sample  injection 
Is  the  chemistry  working:  pH,  correct  reagents,  etc.? 

Is  the  recorder  connection  correct? 

Does  the  detector  respond  at  all?  Block  the  flow  path  with  a  paper  strip;  this 
should  result  in  a  maximum  deflection. 
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Is  the  wavelength  setting  correct? 

A  coarse  visual  test  of  the  wavelength  setting  can  now  be  made  by  observing  the 
projected  light  beam  on  the  paper  strip.  Set  wavelength  to  540  nm  -  green  color. 
Set  wavelength  to  633  nm  -  red  color  (common  display  color).  Set  wavelength  to 
586  nm.  At  this  wavelength  the  light  is  changing  from  yellow  to  red.  Set 
wavelength  to  576  nm  -  bright  yellow  color.  Set  wavelength  to  596  nm  -  distinctly 
red  color.  This  means  that  the  monochromator  can  be  adjusted  with  an  accuracy 
of  ±10  nm  using  this  simple  test. 

Is  the  dark  current  adjustment  correct? 

-  signal  changes  too  small 
Check  attenuation. 

Mix  sample  and  reagents  in  a  beaker  in  the  same  proportions  as  in  the  FIA  system. 
Pump  the  mixture  through  the  flow  ceil. 

Is  the  signal  level  as  expected? 

Are  the  reagent  concentrations  sufficiently  high? 

Is  the  reaction  rate  too  slow?  Perform  stopped-flow  experiments  to  check  this. 

Is  the  dark  current  adjustment  correct? 

The  three  most  common  reasons  for  too  small  peaks  are:  wrong  pH  value  of  the 
sample/reagent  zone,  incorrect  wavelength  setting,  and  incorrectly  prepared 
standards/samples. 

Hopefully  this  chapter  gives  you  a  blueprint  to  following  when  carrying  out  method 
development.  In  the  large  majority  of  the  cases,  the  FIA  system  will  make  the  batch 
chemistry,  which  is  now  automated,  more  precise  and  reliable.  However,  the  analyst’s 
mind  should  not  be  limited  to  existing  chemistries.  Combinations  of  selectivity 
enhancement  techniques  and  the  unique  features  of  FIA  provide  the  opportunity  to  create 
new  methods.  Even  reagents  that  were  discarded  because  they  were  "unstable  under 
batch  conditions"  might  exhibit  excellent  selectivity  for  specific  analytes  and  be  very 
reproducible  under  FIA  conditions.  Imagination  and  chemical  intuition  can  create  exciting 
new  methods! 
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CHAPTER  9 


WATER,  AGRICULTURE,  SOIL  AND  ENVIRONMENTAL 


9.1  WHY  FIA,  WHEN  FIA  FOR  THESE  SAMPLES 

For  these  types  of  analytes/samples  the  primary  advantage  of  FIA  is  economic.  A 
secondary  advantage  is  ease  of  method  development  or,  more  often,  method  refinement. 
Central  to  both  advantages  is  the  acceptance  of  an  automated  form  of  the  batch  "Standard 
Methods".  The  issues  concerning  acceptance  of  automated  forms  of  the  Standard  Methods 
should  be  rather  minimal.  This  is  because  the  FIA  system  is  utilizing  the  accepted 
chemistry  of  the  Standard  Method.  Sample  and  reagent  concentrations  can  be  adjusted 
to  conform  with  the  batch  conditions.  Because  of  the  reproducible  timing  and  controllable 
sample  dispersion  the  FIA  system  simply  improves  the  precision  of  the  batch  method.  The 
increase  in  sample  throughput  is  an  added  economic  benefit.  FIA  methods  have  detection 
limits  comparable  to  batch  methods.  The  detection  limits  cannot  be  dramatically  improved 
without  significant  modifications  in  the  method. 

The  complete  FIA  system  would  contain  a  sampler,  the  FIA  unit,  detector,  and 
recording  devices  which  are  capable  of  sample  identification  and  evaluation  of  the  detector 
signal  in  terms  of  analyte  concentration.  One  economic  advantage  of  this  type  of  system 
is  that  if  the  laboratory  demands  do  not  justify  dedication  of  the  FIA  system  to  a  particular 
determination,  this  system  can  be  easily  and  rapidly  modified  to  carry  out  a  different 
method.  In  terms  of  laboratory  demand  the  rapid  method  changing  capability  of  FIA  would 
allow  a  small  or  medium  laboratory  which  cannot  afford  dedicated  or  specific  instruments 
for  particular  methods  to  have  the  capability  of  performing  most  methods  on  short  notice. 
Larger  laboratories  can  still  benefit  from  the  high  throughput  of  FIA  even  when  it  is  used 
as  a  dedicated  system.  The  larger  laboratory  would  also  have  the  flexibility  of  using  an 
FIA  system  to  do  the  occasional  method  by  FIA. 

Soil  laboratories  have  extremely  busy  schedules  in  the  planting  season.  If  the 
laboratory  has  dedicated  instruments,  they  will  be  utilized  sparingly  during  the  off-seasons 
while  FIA  instruments  could  be  used  for  other  projects  in  the  off-season.  Secondly,  the  FIA 
system  is  more  suited  for  excessive  workloads  than  most  dedicated  instruments.  The  only 
routinely  replaced  part  of  an  FIA  system  is  the  pump  tubes.  The  FIA  system  is  rugged! 

A  secondary  benefit  for  these  types  of  laboratories  is  the  capability  of  FIA  to  modify 
the  sample  matrix.  Modification  can  be  dilution,  analyte  transplantation  (i.e.  dialysis,  gas 
diffusion,  liquid-liquid  extraction,  ion-exchange)  and  filtration  (i.e.  particle  filtration,  column 


156 


ion/molecuie  trapping).  By  modifying  the  sample  matrix  several  benefits  can  be  realized. 
First,  the  detector  performance  can  be  improved.  For  example  in  spectrophotometry, 
removal  of  constituents  which  create  baseline  noise  improves  detectability  of  the  analyte. 
Second,  interferents  can  be  minimized  or  eliminated  resulting  in  selectivity  enhancement. 
Third,  preconcentration  of  the  analyte  allows  for  lower  overall  detection  limits.  Fourth, 
the  reagent/analyte  chemistry  can  be  carried  out  under  "optimized"  conditions.  This  is 
important  for  those  methods  in  which  the  reaction  is  not  100%  complete  during  the 
observation. 

Clearly,  FIA  has  some  outstanding  advantages  for  the  water,  agricultural,  soil  and 
environmental  laboratories.  However,  just  as  with  any  chemical  system,  the  chemist  must 
be  aware  that  in  flow  through  detectors  where  a  change  in  a  physical  property,  i.e.  ionic 
strength  and  viscosity,  will  change  the  signal,  some  type  of  matrix  matching  must  be  done. 
Matrix  matching  in  FIA  means,  in  most  cases,  adaptation  of  the  carrier  stream  composition 
so  that  it  matches  the  sample  matrix.  For  instance,  an  artifical  seawater  solution  is  used 
as  carrier  when  seawater  samples  are  to  be  injected. 

Several  specific  examples  of  determinations  made  in  the  field  of  water  analysis  will 
now  be  presented.  These  examples  have  been  chosen  for  one  of  two  reasons:  1)  the 
analyte  is  very  important  as  evidenced  by  its  large  number  of  determinations  made  per 
year,  like  phosphate,  or  2)  the  method  demonstrates  a  particularly  useful  FIA  technique. 
Obviously,  ail  examples  cannot  be  covered,  therefore,  the  reader  is  referred  to  the 
extensive  index  for  the  bibliography. 


9.2  PHOSPHATE  (ORTHOPHOSPHATE,  PHOSPHORUS) 

Phosphate  is  one  of  the  most  frequently  performed  determinations  in  a  water 
analysis  laboratory.  Several  chemical  principles  and  sample  pretreatment  procedures  are 
applied  (1-4).  The  low  concentration  levels  of  phosphate  requires  special  precautionary 
measures  with  respect  to  sample  handling  and  maintenance  of  equipment.  Matrix 
matching  is  necessary  for  pretreated  samples.  Precipitation  and  adsorption  of  the  colored 
complex  may  occur  in  the  flow  conduits. 

Sample  pretreatment  and  definition  of  the  analyte 

Depending  on  the  sample  pretreatment  different  forms  of  phosphorus  compounds 
can  be  determined  in  a  water  sample.  Phosphate  is  sometimes  carelessly  used  without 
any  further  specification  of  the  analyte.  The  analytical  methods  are  all  based  on  specific 
reactions  between  orthophosphate  in  the  sample  and  consitutents  in  the  added  reagents. 
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The  color  formed  is  measured  in  a  spectrophotometer.  All  chemical  reactions  applied  for 
phosphate  prescribe  acidic  conditions.  This  means  that  all  phosphorus  compounds,  e.g. 
polyphosphates,  which  are  readily  hydrolyzed  to  orthophosphate  at  low  pH  values,  will  be 
included  in  the  determination. 

Water  samples  are  usually  preserved  by  addition  of  sulfuric  acid  and  stored  in  the 
dark  at  4  *C.  The  final  concentration  of  acid  is  typically  0.04  M.  Sometimes  the  samples 
are  filtered.  The  filtration  should  be  made  immediately  after  the  samples  have  been  taken 
and  before  addition  of  the  preserving  acid.  A  0.45  /4m  membrane  filter  is  used.  Phosphate 
results  obtained  for  samples  treated  in  this  way  are  usually  referred  to  as  dissolved 
inorganic  phosphorus. 

Total  phosphorus  is  determined  in  non-filtered,  acid  preserved  samples  after 
digestion  with  peroxodisulfate.  Potassium  peroxodisulfate,  0.5  g,  is  added  to  50  ml  of  the 
sample.  This  solution  is  boiled  cautiously  until  a  volume  of  5  -  7  ml  remains. 
Alternatively,  the  solution  is  heated  in  an  autoclave  or  pressure  boiler  at  150  -  200  kPa. 
In  either  case  the  residue  is  diluted  to  a  known  volume  with  distilled  water  before  analysis. 


Chemical  methods 

(A)  Orthophosphate,  originally  present  in  the  sample  or  formed  through 
hydrolysis,  reacts  with  ammonium  molybdate  to  form  a  heteropoly 
molybdophosphoric  acid  compound.  This  is  reduced  with  stannous  chloride 
in  an  aqueous  sulfuric  acid  medium  to  form  molybdenum  blue.  The 
molybdenum  blue  color  is  measured  at  650  -  700  or  at  880  nm. 

(B)  Orthophosphate,  originally  present  in  the  sample  or  formed  through 
hydrolysis,  reacts  with  ammonium  molybdate  and  potassium  antimonyl 
tartrate  to  form  an  antimony-phospho-molybdate  complex.  This  complex  is 
reduced  to  a  blue  colored  complex  by  ascorbic  acid  and  measured  at  650 
700  or  880  nm  in  a  spectrophotometer. 

(C)  Orthophosphate,  originally  present  in  the  sample  or  formed  through 
hydrolysis,  reacts  in  an  acidic  solution  with  ammonium  molybdate  and 
ammonium  vanadate  to  form  a  yellow  colored  phospho-vanado-molybdate 
complex  which  is  measured  at  410  nm. 

These  are  the  three  main  methods  for  “phosphate"  but  a  large  number  of  different 
versions  of  these  methods  exist. 
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FIA  principles  for  phosphate  determination 

Method  A: 


The  manifold  is  shown  in  Fig.  9.1.  The  sample,  S,  is  injected  into  a  carrier  stream, 
Cl,  and  merged  with  a  second  carrier,  C2.  Using  this  arrangement,  matrix  effects  caused 
by  temporary  fluctuations  in  the  flow  rate  can  be  minimized,  see  Chapter  8.3,  step  8.  For 
example,  such  fluctuations  occur  when  the  Injection  valve  is  turned.  Ammonium  molybdate 
solution,  R1,  and  stannous  chloride  solution,  R2,  are  merged  with  the  joint  carrier. 


s 


Fig.  9.1.  Manifold  for  the  determination  of  phosphate  according  to  the  molybdenum  blue 
stannous  chloride  method.  Numbers  above  coils  denote  coil  length/i.d.  (cm/mm). 


The  chemical  reaction  between  the  analyte  and  the  reagents  is  fast.  The  analysis 
can  be  performed  at  room  temperature.  The  absorbance  spectrum  shows  two  almost 
equally  useful  regions,  at  650  -  700  and  880  nm. 

The  carrier  streams,  Cl  and  C2,  are  adapted  to  the  sample  matrix  so  that  distilled 
water  is  used  for  nonpreserved  samples  and  sulfuric  acid  for  digested  and  preserved 
samples.  The  acid  concentration  of  the  carrier  and  of  the  standard  solutions  should  match 
that  of  the  samples. 

Reagents 

R1  Dissolve  5  g  ammonium  molybdate  in  300  ml  distilled  water.  Add  slowly  and 
cautiously,  with  stirring,  17.5  ml  concentrated  sulfuric  acid  and  dilute  to  500  ml  with 
distilled  water.  Degas  this  solution.  R1  is  stable  for  several  months. 
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R2  Add  slowly  and  cautiously,  with  stirring  and  cooling,  1 4  ml  concentrated  sulfuric  acid 

to  300  mi  distilled  water.  Dissolve  0.1  g  stannous  chloride  and  1  g  hydrazinium 
chloride  and  dilute  to  500  ml  with  distilled  water.  Degas  this  solution.  R2  is  stable 
for  at  least  1  week  if  stored  at  4  •  C. 

Using  an  injection  volume  of  200  ii\  for  maximum  sensitivity,  the  detection  limit 
depends  mainly  on  the  detector  but  should  be  in  the  range  of  1  - 10  pg/1  P.  The  flow  rate 
scheme  in  Fig.  9.1  may  be  modified  and  improved  depending  on  individual  properties  of 
pumps,  injector  and  detector.  The  upper  limit  for  this  system  is  about  500  #i9/l-  For 
concentrations  larger  than  500  M9/I  use  a  smaller  injection  volume  while  reducing  the  flow 
rate  of  Cl  and  increase  all  other  flow  rates. 

There  are  some  interferences  for  this  method.  Arsenic  as  arsenate  at  1 00  pg/l  gives 
a  response  equivalent  to  about  30  jig/l  P.  If  arsenate  is  present  in  the  sample,  sodium 
metabisulfite  and  sodium  thiosulfate  can  be  added  to  the  acidic  sample  (sulfuric  acid) 
before  addition  of  ammonium  molybdate  and  stannous  chloride.  Sulfide  can  be  present 
in  the  sample  at  a  concentration  level  of  up  to  2  mg/I.  It  can  be  removed  by  purging  the 
acidified  samples  with  nitrogen  gas.  Silicate  can  be  present  at  levels  up  to  5  mg/I.  Silicate 
reacts  slowly  with  molybdate;  consequently  this  reaction  is  kinetically  discriminated  in  an 
FIA  system.  A  lot  of  other  species  may  interfere  at  levels  not  found  in  normal  water 
samples,  for  example  selenium,  copper,  chromium,  vanadium,  and  fluoride.  By  standard 
addition  of  known  amounts  of  phosphate  to  a  sample,  presence  of  such  interfering  species 
can  be  ascertained. 

Method  B: 


The  principles  for  this  method  are  essentially  the  same  as  for  the  molybdenum 
blue-stannous  chloride  method.  The  compositions  of  the  reagents  R1  and  R2  differ.  The 
manifold  should  be  termostatted  to  40  ‘C  to  obtain  a  fast  chemical  reaction  and  thereby 
enhanced  signals  for  the  injected  samples.  Details  about  matrix  matching,  working  range 
and  interferences  are  found  in  the  previous  method  description.  The  absorbance  spectrum 
shows  two  useful  regions,  one  at  650  -  700  and  the  other  one  at  B80  nm.  The  absorbance 
value  at  880  nm  is  about  1.5  times  larger  than  the  corresponding  absorbance  value  at  650 
-  700  nm. 

Reagents 

R1  Dissolve  5  g  ascorbic  acid  in  500  ml  distilled  water.  Degas  this  solution.  R1  is 
stable  for  at  least  one  week  if  it  is  stored  in  an  amber  bottle  at  4  •  c. 
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R2  This  reagent,  usually  called  molybdate  solution,  is  composed  of  three  individually 
prepared  solutions,  SI  -  S3.  Si:  Carefully  add  120  ml  concentrated  sulfuric  acid  to 
170  ml  distilled  water  in  a  beaker  and  cool.  S2:  Dissolve  13  g  ammonium  molybdate 
in  100  ml  distilled  water.  S3:  Dissolve  0.35  g  potassium  antimonyl  tartrate  in  too 
ml  distilled  water.  Mix  all  three,  SI  -  S3,  and  degas  the  solution.  R2  is  stable  for 
about  2  months  if  stored  in  an  amber  glass  bottle  at  4  *  C. 

Depending  on  the  sample  matrices  and  on  the  flow  cell  configuration  it  might  be 
necessary  to  use  reagents  which  are  more  dilute  than  the  R1  and  R2  reagents  described 
above.  Concentrated  reagents  might  give  rise  to  refractive  index  phenomena  (matrix 
effects).  In  some  manual  procedures  for  phosphate,  R1  and  R2  are  combined  to  one  single 
reagent  solution.  This  solution  has  a  limited  stability,  maximum  8  hours.  Although  no 
comprehensive  report  is  available  this  approach  might  be  considered  also  for  an  FIA 
procedure. 

Method  C: 

The  sample,  S,  is  injected  into  a  carrier  stream,  Cl,  and  merged  with  a  second 
carrier,  C2,  to  minimize  "matrix  effects",  see  Chapter  8.3,  step  8.  An  acidic 
vanadate-molybdate  reagent  solution,  Rl,  is  merged  with  the  joint  carrier  stream,  see  Fig. 
9.2. 
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Fig.  9.2.  Manifold  for  the  determination  of  phosphate  according  to  the  vanadomolybdate 
(yellow)  method.  Numbers  above  coils  denote  coil  length/i.d.  (cm/mm). 


161 


The  chemical  reaction  between  the  analyte  and  the  reagent  is  fast.  The  analysis  can 
be  performed  at  room  temperature.  The  absorbance  values  are  continuously  increasing 
in  the  range  450  -  400  nm  (A^  >  A^.  The  carrier  streams,  Cl  and  C2,  and  the  standard 
solutions  used  are  adapted  to  the  sample  matrix  composition. 

Reagent 

R1  This  reagent  is  composed  of  three  individually  prepared  solutions,  SI  -  S3. 

SI:  Dissolve  40  g  ammonium  molybdate  in  100  ml  distilled  water.  Heat,  if 
necessary.  S2:  Dissolve  2  g  ammonium  vanadate  in  100  ml  distilled  water.  Heat, 
if  necessary.  S3:  Add  135  ml  nitric  acid  (65%)  to  100  ml  distilled  water.  Add  S2 
to  S3  while  stirring.  Slowly  add  SI  to  the  S2  and  S3  solution.  Dilute  to  a  final 
volume  of  500  ml  with  distilled  water.  A  slight  precipitate  may  be  formed  with  time. 
Degas  and  filter  R1  before  use.  R1  is  stable  for  several  months. 

Working  range 

The  working  range  is  2  -  500  mg/I  P  depending  on  the  sample  volume  injected  and 
the  flow  rates  of  Cl,  C2  and  R1.  By  selecting  a  wavelength,  e.g.  460  nm,  at  which  a  lower 
absorbance  is  obtained  for  the  phospho-vanado-molybdate  complex,  the  working  range  is 
further  extended. 

Standard  stock  solution.  100  mg  P/liter 

Dissolve  0.4393  g  anhydrous  potassium  dihydrogen  phosphate,  dried  for  2  hours 
at  80  °C,  in  distilled  water  and  dilute  to  1  liter.  Store  in  an  amber  borosilicate  glass  bottle 
at  4  °C. 

Remarks 


Phosphate  is  a  common  contaminate  in  a  laboratory  which  means  that  beakers, 
bottles,  flasks,  etc.,  used  for  phosphate  samples  and  reagents  should  not  be  used  for  any 
other  purpose.  Sample  bottles  should  be  made  of  borosilicate  glass  or  polyethylene. 
Phosphate  adsorbs  on  the  walls  so  acid  washing  is  necessary.  Wash  with  hot  1:1  HCI  and 
rinse  with  distilled  water.  The  acid-washed  glassware  should  be  titled  with  distilled  water 
and  treated  with  all  the  reagents  to  remove  the  last  traces  of  phosphorous.  Commercial 
detergents  should  never  be  used.  Store  the  vessels  protected  from  dust.  Molybdenum 
"blue"  and  "yellow"  species  may  stick  to  the  manifold  walls  and  in  the  flow  cell.  At  high 
phosphate  concentrations  precipitates  may  even  appear  in  the  flow  system  giving  rise  to 
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a  positive  baseline  drift.  The  precipitate  can  be  dissolved  by  pumping  diluted  ammonium 
solution  (1:10).  This  washing  could  be  included  as  a  mandatory  step  in  the  closing  down 
procedure. 


9.3  NITRATE  (TOTAL  NITROGEN) 

Nitrate  is  a  commonly  performed  determination  in  a  water  analysis  laboratory.  The 
standard  method  prescribes  reduction  of  nitrate  to  nitrite  using  a  reduction  column  (5-8). 
The  sum  of  nitrate  and  nitrite  originally  present  in  the  sample  is  determined 
spectrophotometrically.  The  originally  present  nitrite  has  to  be  determined  separately  and 
subtracted  from  the  sum  to  obtain  the  nitrate  concentration.  Nitrate  can  also  be 
determined  potentiometrically  using  a  nitrate  selective  electrode. 

The  nitrate  samples  should  be  either  free  from  turbidity  or  should  be  filtered  through 
a  0.45  /urn  membrane  filter.  No  preservation  is  recommended.  The  samples  should  be 
stored  in  the  dark  at  4  *C  and  be  analyzed  within  three  days  after  collection. 

The  total  nitrogen  samples  are  digested  in  the  presence  of  alkaline  peroxodisulfate. 
The  nitrogen  compounds  are  then  converted  to  nitrate.  The  procedure  is  as  follows:  20 
ml  of  the  sample  and  10  ml  of  a  1%  peroxodisulfate  solution  (dissolved  in  0.12  M  NaOH) 
are  mixed  and  treated  in  an  autoclave  at  120  ‘C  and  200  kPa  for  30  minutes.  After  cooling 
to  room  temperature  an  aliquot  of  i  ml  0.5  M  sulfuric  acid  is  added.  The  digested  solution 
is  transferred  to  a  50  ml  measuring  cylinder.  The  digestion  tube  is  washed  with  a  small 
portion  of  distilled  water  and  this  portion  is  also  transferred  to  the  measuring  cylinder. 
One  drop  of  phenolphthalein  solution  is  added  and  the  mixture  is  "titrated”  with  0.12  M 
NaOH  until  a  pale  pink  color  is  obtained.  1  mi  of  a  5  M  ammonium  chloride  solution  is 
added  and  finally  distilled  water  up  to  a  total  volume  of  50  ml. 

Chemical  principles  for  the  nitrate  methods 

(A)  Photometric  method. 

Nitrate  is  reduced  to  nitrite  by  passing  the  sample  through  a  cadmium 
reductor.  Nitrite,  formed  in  the  reduction  column  or  present  originally,  reacts 
with  sulfanilamide  in  an  acidic  solution.  A  diazo  compound  is  formed.  The 
diazotized  reaction  product  is  then  coupled  with  N-(l-napthyl)- 
ethylenediamine  dihydrochloride  to  form  an  azo  dye  the  absorbance  of  which 
is  measured  at  540  nm.  The  evaluated  absorbance  value  corresponds  to  the 
sum  of  nitrite  and  nitrate  in  the  original  sample.  In  a  second  determination 
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the  nitrite  concentration  is  obtained  using  the  same  chemical  principles  but 
with  the  reduction  step  omitted. 

(B)  Potentiometric  method. 

A  sample  aliquot  is  brought  to  the  surface  of  nitrate  selective  electrode  in  an 
FIA  system.  A  reference  electrode  is  situated  in  the  same  system.  The 
potential  difference  is  measured. 

FIA  principles  for  nitrate  determination 

Method  A  (photometric  method^: 

Manifold 

The  sample,  S,  containing  nitrate  and  nitrite  is  injected  into  a  carrier  stream,  C.  The 
nitrate  is  reduced  to  nitrite  in  the  cadmium  reductor.  An  acidic  sulfanilamide  solution,  R1, 
is  added  first  followed  by  the  addition  of  N-(naphthyl)-ethylenediamine  solution,  R2.  The 
sample  and  reagent  mixture  is  brought  to  a  flow  cell  for  absorbance  measurement  at  540 
nm,  see  Fig.  9.3. 
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Fig.  9.3.  Manifold  for  the  determination  of  the  sum  of  nitrate  and  nitrite  using  an  in-line 
reduction  column.  Numbers  above  coils  denote  coil  length/i.d.  (cm/mm). 
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The  same  manifold  but  with  the  cadmium  reduction  column  removed  or  by-passed 
is  used  for  the  determination  of  nitrite  originally  present  in  the  sample. 

Column  preparation 

Several  preparation  principles  for  the  cadmium  reductor  are  applied.  "Off-line" 
reduction  columns  are  usually  filled  with  sieved  cadmium  granules  (0.5  -  1.0  mm)  and 
treated  with  1  %  mercuric  chloride  solution.  Commercially  available  in-line  reductors  either 
consist  of  a  short  mixing  coil  packed  with  cadmium  filings  mesh  20  (Alpkem  or  Technicon) 
or  a  plastic  tube  filled  with  copperized  cadmium  granules,  0.2  -  2.0  mm  (Tecator). 

The  preparation  of  copperized  cadmium  reductor  is  taken  as  an  example.  5  -  10  g  of 
cadmium  granules  are  swirled  with  0.5  M  HCI  for  about  one  minute.  The  granules  are 
then  swirled  in  a  1%  solution  of  copper  sulphate  and  finally  rinsed  with  0.1  M  NH4Cl 
solution.  From  now  on  it  is  very  important  that  the  cadmium  granules  are  not  allowed  to 
dry.  Fill  the  column  first  sealed  in  one  end  with  glass-wool  or  cigarette  filter.  Make  sure 
that  the  packing  is  efficient.  No  air  pockets  should  be  present.  Seal  the  other  end  of  the 
column.  Pump  carrier  solution,  0.1  M  NH4Ci,  through  the  column.  If  necessary,  tap  the 
column  to  release  trapped  air.  Cadmium  is  poisonous  -  handle  granules  and  solutions 
with  care. 

Matrix  matching 

The  carrier  stream,  C,  consists  normally  of  a  0.1  M  ammonium  chloride  solution. 
When  total  nitrogen  is  determined  in  a  water  sample  the  carrier  stream  has  to  match  the 
digested  sample  matrix.  Carrier  is  then  prepared  as  follows:  Prepare  an  oxidation  solution 
by  dissolving  10  g  potassium  peroxodisulfate  in  1  liter  of  0.12  M  NaOH.  Add  200  ml  of  this 
solution  to  400  ml  distilled  water.  Boil  the  mixture  on  a  heating  plate  for  about  30  minutes. 
Cool  and  add  20  ml  0.5  M  sulfuric  acid.  Add  one  drop  of  phenolphthalein  indicator 
solution  and  "titrate"  with  0.12  M  NaOH  until  a  pale  pink  color  has  been  obtained.  This  C 
solution  is  stable  for  several  months. 

Reagents 

R1  Dissolve  5  g  sulfanilamide  in  a  mixture  of  26  mi  concentrated  hydrochloric  acid  and 
300  ml  distilled  water.  Fill  to  500  ml  with  distilled  water.  Filter  and  degas.  This 
solution  is  stable  for  several  months  if  stored  in  an  amber  glass  bottle. 

R2  Dissolve  0.5  g  N-(1-naphthyl)-ethylenediamine  dihydrochioride  in  500  ml  distilled 
water.  Filter  and  degas.  This  solution  is  stable  about  one  month  if  stored  in  an 
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amber  glass  bottle  at  4  *C.  Discard  this  reagent  if  it  has  is  discolored.  Avoid  skin 
contact. 

Working  range 

The  working  range  is  0.1  -  2  mg/I  N03-N  (nitrate  nitrogen)  using  an  injection  volume 
of  200  fi\  and  0.5  -  5.0  mg/I  N03-N  using  40  jtl.  The  working  range  can  be  extended  up  to 
40  mg/l  if  a  stream  of  distilled  water  is  merged  with  the  carrier  stream  at  a  site  after  the 
reduction  column.  Zone  sampling  and  sample  splitting  can  also  be  applied. 

Interferences 

High  concentrations  of  aromatic  amines,  copper,  iodide  and  humic  acids  will 
interfere.  The  pH  value  of  the  carrier  and  reagent  streams  should  be  kept  constant  during 
a  set  of  analysis.  Colored  constituents  in  the  sample  which  absorb  In  the  photometric 
range  500  -  600  nm  will  interfere.  The  sample  must  not  contain  strong  oxidants  or 
reductants. 


Method  B  footentiometric  method): 

Manifold 

The  sample,  S,  containing  nitrate  is  injected  into  a  carrier  stream  and  brought 
undiluted  to  the  surface  of  a  nitrate  selective  electrode  arranged  in  an  FIA  system.  The 
reference  electrode  can  be  a  calomel  electrode  placed  in  the  flow  system  not  too  far  away 
from  the  nitrate  electrode.  Flow  cells  for  potentiometry  with  ion-selective  electrodes  are 
available  from  almost  all  FIA  manufacturers. 

Reagents 

The  carrier  should  preferably  contain  a  low  concentration  of  nitrate,  e.g.  10 5  M. 
The  working  range  limits  are  set  by  the  performance  characteristics  of  the  nitrate  selective 
electrode  but  are  typically  10'1  -  io5  M. 

Interferences 

Several  anions  will  interfere,  in  particular  perchlorate,  iodide,  chlorate,  bromide  and 
nitrite.  Also,  chloride  interferes  at  the  low  nitrate  levels. 
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Standard  stock  solution.  1  q  N/liter 

Dissolve  3.034  g  sodium  nitrate  (or  3.609  g  potassium  nitrate)  in  500  ml  distilled 
water.  Store  in  an  amber  bottle. 


9.4  AMMONIA  (AMMONIA  NITROGEN,  AMMONIUM) 

Along  with  phosphate  and  nitrate/nitrite  ions,  ammonia  is  on  the  list  of  more  or  less 
compulsory  species  to  be  determined  in  all  kinds  of  water  samples.  The  standard  method 
is  the  classical  indophenol  blue  reaction  (9-12).  Ammonia  reacts  with  hypochlorite  to  form 
monochloramine  which  in  turn  reacts  with  phenol  to  form  indophenol  blue.  Nitroprusside 
ions  are  sometimes  used  as  a  catalyst.  In  an  alternative  approach,  the  chlorinated 
ammonia  is  determined  with  o-tolidine  replacing  phenol.  Since  the  above  mentioned 
procedure  uses  chemicals  which,  in  various  degrees  of  seriousness,  can  pose  hazardous 
effects  to  the  analyst,  an  alternative  FIA  method  based  on  gas  diffusion  has  been 
developed.  This  method  is  gaining  a  widespread  acceptance  also  because  of  the  fact  that 
colored  species  present  in  the  sample  do  not  interfere.  The  method  accepts  large 
variations  in  the  sample  matrix. 

Sample  pretreatment 

Collected  water  sample  should  be  analyzed  the  same  day.  The  aliquot  used  for 
analysis  is  obtained  by  decantation.  Storage  of  samples  in  open  vessels  during  the  work 
should  be  avoided  due  to  the  large  contamination  risk.  Samples  with  visible  turbidity 
should  be  centrifuged  if  the  indophenol  blue  method  is  applied  but  need  no  pretreatment 
if  the  gas  diffusion  method  is  applied. 

Chemical  principles 

(A)  The  indophenol  blue  method 

In  an  alkaline  solution,  pH  10.8  -  11.4,  ammonia  reacts  quantitatively  with 
hypochlorite  forming  monochloramine.  This  latter  compound  reacts  with 
phenol  in  the  presence  of  catalytic  amounts  of  nitroprusside  ions  and  in  the 
presence  of  excess  amounts  of  hypochlorite  to  form  indophenol  blue.  The 
exact  reaction  mechanism  is  not  fully  understood.  The  amount  of  indophenol 
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blue  formed  is  measured  spectrophotometrically  at  630  nm. 

(B)  The  o-tolidine  method. 

Due  to  the  carcinogenic  properties  of  o-tolidine  this  method  is  not 
recommended  in  any  way  including  FIA. 

(C)  The  gas  diffusion  method. 

Ammonium  ions  in  the  sample  are  converted  to  ammonia  gas  in  the  flow 
system  by  addition  of  sodium  hydroxide.  The  ammonia  gas  diffuses  through 
a  gas  permeable  membrane  and  into  a  recipient  stream  comprised  of  an 
acid-base  indicator.  The  color  change  caused  by  the  ammonia  gas  is 
measured.  The  chemical  principle  is  thus  rather  simple.  The  analyte,  the 
ammonium  ion,  is  transformed  to  ammonia  gas  and  transplanted  into  a  new 
matrix.  The  original  sample  matrix  composition  is  therefore  not  critical  for 
the  analytical  results  as  long  as  the  conversion  to  ammonia  gas  is  complete. 
The  new  matrix  comprises  an  acid-base  indicator  which  can  be  buffered  to 
decrease  the  sensitivity  and  to  extend  the  working  range  of  the  method.  A 
certain  amount  of  a  strong  acid,  e.g.  hydrochloric  acid,  can  also  be  added. 
In  this  case,  the  color  shift  of  the  indicator  does  not  occur  until  all  protons 
originating  from  the  strong  acid  have  been  neutralized  by  ammonia.  At  this 
point  a  relatively  small  increase  of  diffused  ammonia  gas  will  cause  a  large 
change  in  pH  and  color  of  the  indicator  stream.  Thus,  by  adjusting  the 
amount  of  strong  acid  the  sensitive  working  range  can  be  displaced  -  a  sort 
of  chemical  zero  suppression  is  obtained. 

Several  acid-base  indicators  have  been  used  to  compose  the  ammonia 
recipient  stream.  Phenol  red  gives  an  acceptable  working  range  but  due  to 
the  limited  solubility  of  this  indicator  in  water  adsorption  onto  the  manifold 
and  the  glass  flow  cell  may  occur.  The  indicator  mixture  developed  by 
Tecator  covers  a  large  working  range  with  maintained  sensitivity.  Calibration 
graphs  are  not  linear  which  is  easily  explained  by  the  equilibrium  reaction 

Hln  +  NH3  ^  NH/  +  In" 

At  high  levels  of  ammonia  almost  all  Hln  is  converted  to  Inland  a  further 
increase  of  NH3  is  not  matched  by  the  corresponding  increase  of  \n~. 
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FIA  principles  for  determination  of  ammonia 

Method  A  (the  indophenol  method): 

Manifold 

The  sample,  S,  is  injected  into  a  carrier  stream,  C,  which  is  merged  with  a  solution 
of  sodium  tartrate  and  sodium  hydroxide,  Rl.  R2,  containing  phenol,  sodium  hydroxide 
and  nitroprusside  and  R3,  containing  sodium  hypochlorite  are  added  and  the  mixture  is 
heated.  The  detector  wavelength  should  be  in  the  range  620  -  700  nm,  preferably  690  nm 
for  FIA,  see  Fig.  9.4.  Matrix  matching  might  be  necessary  for  certain  samples. 


40  Ml 


Fig.  9.4.  Manifold  for  determination  of  ammonia  according  to  the  indophenol  blue  method. 
Working  range:  10-100  ppm.  Numbers  above  coils  denote  coil  length/i.d.  (cm/mm). 


Reagents 

C  Distilled  water. 

Rl  15  g  sodium  tartrate  and  20  g  sodium  hydroxide  are  dissolved  in  500  ml  distilled 
water. 

R2  42  g  phenol,  18  g  sodium  hydroxide  and  0.6  g  nitroprusside  are  dissolved  in  500 
ml  distilled  water. 

R3  10%  sodium  hypochlorite  solution. 
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Working  range 

The  manifold  and  the  reagents  specified  will  give  a  working  range  of  about  10-100 
ppm. 

Interferences 

Very  few  interferences  other  than  color  of  the  samples  have  been  reported  for  this 
method. 

Method  C  (the  gas  diffusion  method): 

Manifold 

The  sample,  S,  is  injected  into  a  carrier  stream,  C,  which  is  merged  and  mixed  with 
sodium  hydroxide,  R1.  This  joint  stream  is  passed  along  the  gas  permeable  membrane. 
The  indicator  stream,  R2,  flows  on  the  other  side  of  the  membrane  and  onto  the  flow  cell 
where  the  color  change  caused  by  the  ammonia  gas  is  detected,  see  Fig.  9.5. 

The  carrier  stream,  C,  consists  of  distilled  water  (free  of  carbon  dioxide),  i.e.  matrix 
matching  is  not  normally  needed. 


100  pi 


Fig.  9.5.  Manifold  for  determination  of  ammonia  according  to  the  gas  diffusion  method. 
Working  range:  1-10  ppm.  Numbers  above  coil  denote  coil  length/i.d.  (cm/mm). 
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Reagents 

R1  0.1  M  sodium  hydroxide. 

R2  Indicator  solution  (Tecator  indicator  mixture,  0.1  g/l)  adjusted  with  small  volumes 
of  either  sodium  hydroxide  or  hydrochloric  acid  to  obtain  an  absorbance  value  of 
0.25  -  0.30  A.U.  at  590  nm  which  occurs  at  a  pH  value  of  about  6.4.  Note  that  this 
solution  is  extremely  sensitive  to  impurities  of  acids  and  bases  which  might  be 
present  on  the  walls  of  the  glassware  used.  The  absorbance  and  pH  of  R2  may 
change  with  time  due  to  slow  uptake  of  carbon  dioxide  or  due  to  dissolution  of 
impurities  from  the  storage  vessel.  Usually  a  stock  solution  of  the  indicator  mixture 
is  prepared  (5  g/i).  This  stock  solution  is  stable  for  several  months.  The  working 
indicator  solution,  R2,  must  be  prepared  daily.  Filter  and  degas  before  use. 

Working  range 

For  maximum  sensitivity  use  a  carefully  prepared  R2  solution  with  a  correct  pH 
value  of  6.4.  The  buffer  capacity  should  be  as  small  as  possible  (impurities  will  increase 
the  buffer  capacity).  The  injection  volume  should  be  at  least  200  pi.  If  a  linear  gas 
diffusion  ceil  with  groove  lengths  on  the  order  of  7  cm  is  used  along  with  flow  rates 
according  to  Fig.  9,  a  working  range  of  50  -  1000  ppb  ammonia  (with  respect  to  N)  is 
readily  obtained.  By  increasing  the  groove  lengths,  e.g.  by  using  a  gas  permeable 
membrane  in  a  dialysis  unit  such  as  the  Tecator  5106  Module  (with  groove  lengths  of  50 
cm),  a  factor  of  3  -  5  improvement  in  sensitivity  is  accomplished.  For  higher  working 
ranges  the  indicator  solution  R2  must  be  buffered.  Prepare  a  0.1  M  sodium  dihydrogen 
phosphate  stock  solution.  Add  about  1  ml  of  this  stock  solution  per  liter  of  R2  to  reach 
a  range  of  1  - 10  ppm  ammonia  (with  respect  to  N),  5  ml  to  reach  10  - 100  ppm  and  30  ml 
to  reach  100  -  1000  ppm.  In  all  cases  the  pH  of  R2  is  adjusted  to  6.4.  Furthermore,  the 
injection  volume  should  be  reduced  to  30  •  40  pi.  For  extremely  high  ammonia 
concentrations  in  the  sample  hydrochloric  acid  can  be  added  to  R2. 

Interferences 

Volatile  amines  with  low  molecular  weight  will  interfere.  Very  few  other  interferences 
can  be  expected. 


Dissolve  3.819  g  anhydrous  ammonium  chloride  dried  at  100  °C  in  distilled  water 
and  dilute  to  1  liter.  Store  in  an  amber  glass  bottle  at  4  •  C.  If  a  drop  of  chloroform 
(preserving  agent)  is  added  this  standard  solution  is  stable  for  several  months. 


9.5  RESIDUAL  OZONE 

The  determination  of  residual  ozone  has  been  an  extremely  difficult  method  to 
develop  because  of  the  various  potential  interferences  that  exist  in  the  sample.  Most 
chemical  batch  methods  are  based  on  iodometric  chemistry.  Unfortunately,  oxidizing 
agents  other  than  ozone  will  interfere  making  the  method  non-selective.  Iodometric 
chemistry  is  also  very  reactive  with  other  oxidizers.  This  determination  is  complicated 
further  by  the  fact  that  ozone  rapidly  decomposes  at  the  normal  pH  values  of  water.  The 
decomposition  products  include  peroxide,  superoxide  and  hydroxide  ion. 

The  need  to  accurately  determine  the  residual  ozone  concentration  is  directly  tied 
to  the  efficiency  of  the  water  treatment  facility.  The  production  of  ozone  is  expensive  due 
to  the  energy  needed  for  generation.  The  closer  the  facility  is  monitored  for  complete 
disinfection,  the  less  excess  ozone  will  be  produced  and  the  energy  consumption  is 
thereby  optimized. 

The  best  batch  method  for  the  determination  of  ozone  is  the  indigo  blue  method 
(1 3,1 4).  Its  principle  is  that  the  ozone  attacks  the  double  bond  of  the  blueish  purple  indigo 
dye  cleaving  it  into  to  noncolored  species.  The  degree  of  decoloration  is  proportional  to 
the  original  ozone  concentration.  Chlorine  and  manganese  ions  are  potential  interferences. 

The  biggest  difficulty  with  the  batch  method  is  to  reproducibly  handle  the  ozone 
sample.  The  high  volatility  of  the  analyte  along  with  the  decomposition  means  that  the 
potential  for  random  results  exists.  Furthermore,  the  modifications  needed  to  eliminate  the 
interferences  add  more  handling  steps  to  the  procedure  thereby  complicating  the  precision 
problem. 

The  interference  problems  can  be  eliminated  by  incorporating  a  gas  diffusion 
manifold  in  an  FIA  system  (15,16).  The  gas  diffusion  system  separates  the  ozone  from 
interfering  metal  ions  and  peroxide.  The  membrane  also  restricts  the  amount  of  chlorine 
which  passes  into  the  acceptor  stream  where  the  measurement  takes  place.  The  rate  of 
the  ozone/indigo  reaction  is  faster  than  the  chlorine/indigo  reaction  thereby  producing  the 
kinetic  discrimination  needed  to  essentially  eliminate  the  chlorine  interference. 
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FIA  principles 

Fig.  9.6  shows  the  FIA  manifold.  The  carrier,  C,  is  continuously  pumped  by  pump 
1.  The  sample,  S,  is  injected  into  C  at  time  T,,  see  Fig.  9.7,  and  passed  along  the  gas 
diffusion  membrane.  The  reagent  is  pumped  using  a  second  pump  as  the  acceptor 
stream,  it  is  stopped  at  time  T,  for  a  period  of  10  -  30  seconds  depending  on  the 
sensitivity  desired.  During  the  stopped  period  T,  to  T2,  see  Fig.  9.7,  the  ozone  from  the 
continuously  passing  sample  penetrates  the  membrane  in  sufficient  quantities  to  allow  the 
measurement  to  be  made.  When  pump  2  is  restarted  at  time  T2,  all  sample  has  left  the 
diffusion  area  and  the  donor  stream  is  again  the  carrier.  The  absorbance  of  the  acceptor 
stream  is  measured  at  600  nm. 
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Fig.  9.6.  Manifold  for  the  determination  of  ozone  using  gas  diffusion. 
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Fig.  9.7.  The  timing  sequence  for  the  two  pumps  used  in  the  ozone  determination. 


173 


Reagents 

R  An  indigo  reagent  stock  solution  is  prepared  by  adding  770  mg  of  potassium  indigo 
trisulfonate  to  a  1  liter  volumetric  flask  containing  approximately  500  ml  of  distilled 
water,  1  ml  of  concentrated  phosphoric  acid  and  10  g  sodium  dihydrogen 
phosphate.  This  mixture  is  then  diluted  to  1  liter  with  distilled  water.  This  stock 
solution  is  stable  for  approximately  4  months  when  stored  in  the  dark.  The  stock 
solution  should  be  discarded  when  the  absorbance  of  a  100-fold  dilution  falls  below 
0.16  absorbance  units/cm.  The  concentration  of  the  reagent  used  in  the  acceptor 
stream  is  either  15  or  77  mg/I  depending  on  the  sensitivity  needed  for  the 
determination.  To  prepare  these  reagents  transfer  20  and  100  ml  of  the  stock 
solution  respectively  into  a  1  liter  volumetric  flask  containing  10  g  sodium 
dihydrogenphosphate  and  7  ml  of  concentrated  phosphoric  acid.  Dilute  to  1  liter 
with  distilled  water.  The  pH  of  R  is  about  2  or  less. 


C  The  carrier  is  identical  with  R  except  that  potassium  indigo  trisulfonate  is  omitted. 


Calibration  of  the  system 

Calibration  of  ozone  methods  is  difficult.  The  indigo  method  has  been  adopted 
since  a  simple  relationship  has  been  established  between  ozone  concentration  (mg/liter) 
and  the  absorbance,  A: 

[OJ  =  (A  *  100  )/(f*b*v) 

where  v  is  the  volume  (liter),  b  is  the  detector  cell  path  length  (cm)  and  f  is  the  calibration 
factor  with  a  value  of  0.42  when  based  on  an  ozone  molar  absorptivity  of  2950  M 1  cm 1 
(258  nm).  The  f  value  needs  to  be  reevaluated  for  each  dye  lot.  The  purity  of  the  dye 
varies  between  lots  and  manufacturers.  Calibration  of  the  dye  is  accomplished  using  a 
UV-visible  spectrophotometer  at  258  nm. 


Discussion 


It  is  clear  from  table  9.1  that  the  GDFIA  procedure  is  the  best  method  in  terms  of 
interferences.  The  linear  range  and  sensitivity  can  be  changed  by  using  different 
concentrations  of  the  indigo  solutions  or  by  variation  of  the  stop  times.  The  batch  method 
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is  usually  run  using  a  10  cm  cell  while  both  FIA  procedures  use  the  standard  1  cm  flow 
cell. 


TABLE  9.1 

Comparison  of  Batch,  FIA  and  GDFIA  Indigo  Method  for  Ozone 


PARAMETER 

BATCH 

FIA 

GDFIA 

Sampling  frequency,  samples/hour 

20 

120 

65 

Linear  range,  ppm  03 

0.05-0.5 

0.2-4. 0 

0.03-0.4 

Sensitivity,  A.U./ppm  03 

0.42 

0.046 

0.118 

interferences  reported,  expressed 
as  apparent  ozon,  ppm: 

H2o2 

none 

none 

none 

Mn(VII),  1  ppm 

0.83 

0.44 

none 

Cl2,  1  ppm 

0.36 

0.008 

9.6  SULFATE 


There  are  several  analytical  methods  for  determination  of  sulfate  in  water.  All 
methods  involve  barium  in  one  way  or  another  (17-19).  Barium  sulfate  has  a  limited 
solubility  in  water  which  means  that  the  precipitate  per  se  can  be  detected 
turbidimetricaliy.  Alternatively,  the  decoloration  of  a  barium  complex  due  to  barium  sulfate 
formation  can  be  measured  spectrophotometrically.  Removal  of  cations  in  the  sample 
prior  to  addition  of  Ba2+  is  in  many  cases  necessary.  Conditioning  of  the  flow  system  is 
also  desirable  since  otherwise  the  barium  sulfate  precipitate  may  cause  coating  and 
clogging.  All  the  mentioned  analytical  steps  can  be  implemented  in  the  FIA  method. 

Sample  pretreatment 

The  sample  aliquot  should  either  be  free  from  turbidity  or  be  filtered  through  a  0.45 
jum  filter. 
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Chemical  principles 

(A)  The  turbidimetric  method. 

The  principle  is  turbidimetric  determination  of  sulfate  as  barium  sulfate. 

(B)  The  MTB  method. 

Methylthymol  blue  (MTB)  forms  a  blue  complex  with  barium  ions  in  alkaline 
solutions.  When  sulfate  is  added  barium  sulfate  is  formed  and  the  complex 
concentration  decreases.  This  decrease  is  measured  at  620  nm. 
Alternatively,  the  increase  in  uncompfexed  methylthymol  blue  concentration 
can  be  measured  at  470  nm  (less  sensitive  than  the  620  nm  method). 

FIA  principles  for  sulfate  determination 

Method  A  (turbidimetric  method^: 

Manifold 

The  sample  is  injected  into  an  acidic  carrier  stream  which  is  merged  with  a  barium 
chloride  stream  and  mixed  in  a  fong  coil,  see  Fig.  9.8.  The  turbidity  is  measured  at  410  nm. 
At  about  30  sec  after  sample  injection  the  second  pump  is  programmed  to  deliver  EDTA 
solution  during  20  sec  to  condition  the  flow  system.  Solid  BaS04  will  then  dissolve  due 
to  formation  of  the  barium-EDTA  complex. 

200  Ml 


Fig.  9.8.  Manifold  for  turbidimetric  determination  of  sulfate,  100  -  1000  mg/I.  Numbers 
above  coil  denote  coll  length/l.d.  (cm/mm). 
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Reagents 

C  Distilled  water  acidified  with  4  mi  1  M  HCI  per  liter. 

R1  5%  (w/v)  barium  chloride  dihydrate  in  distilled  water  provided  with  polyvinylalcohol 
(0.05%  w/v). 

R2  0.3%  (w/v)  EDTA  (disodium  salt)  in  0.2  M  NaOH. 

Method  B  (spectrophotometric  method): 

Manifold  1 


The  sample  is  injected  in  an  aqueous  carrier,  passed  through  a  cationic  exchange 
column,  merged  with  a  barium-methyithymol  blue  solution  and  finally  merged  with  an 
alkaline  water/ethanol  solution.  The  absorbance  decrease  is  measured  at  620  nm,  see  Fig. 
9.9. 


40  mI 


ml/min 


R1 


R2 


1.5 


1-5 


0.8 


ION 

EXCHANGE 

COLUMN 


<IH=^ 


120/0.7 


60/0.5 


Fig.  9.9.  Manifold  for  determination  of  sulfate  according  to  the  MTB  method,  5-30  mg/I. 
When  the  injection  volume  is  200  mI  the  working  range  is  1  - 10  mg/I.  Numbers  above  coils 
denote  coil  length/i.d.  (cm/mm). 
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Reagents 

C  Distilled  water. 

R1  To  prepare  1  liter  of  this  solution,  use  0.116  g  methylthymol  blue  (sodium  salt),  6.0 
ml  1  M  HCI,  80  ml  distilled  water  and  14.0  ml  BaCI2  solution  (1.526  g  BaCI2*H20 
per  liter).  Make  up  to  volume  with  95%  ethanol.  Use  a  yellow  pump  tube  (solvent 
flexible)  to  pump  Rl. 

R2  0.036  M  NaOH  in  44%  ethanol.  Use  a  yellow  pump  tube  to  pump  R2. 

Column  preparation 

Fill  a  PVC  tube  (i.d.  2  mm,  length  5  cm)  with  the  H+  form  of  a  cationic  ion 
exchanger,  e.g.  Dowex  50  x  8  or  Merck  Ion  Exchanger  I.  Seal  with  glass  wool  or  cigarette 
filter. 

Manifold  2 

The  ion  exchanger  column  is  implemented  in  a  prevalve  arrangement,  see  Fig.  9.10. 
Pump  2  Is  stopped  during  the  change  from  one  sample  to  the  next  sample  in  order  to 
prevent  introduction  of  air  into  the  column. 


s 


Fig.  9.10.  Manifold  for  determination  of  sulfate  according  to  the  MTB  method  with  prevalve 
sample  treatment,  10  - 125  mg/I.  Numbers  above  coils  denote  coil  length/i.d.  (cm/mm). 
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Reagents 

C  Distilled  water. 

R1  To  prepare  about  600  ml  of  this  solution,  use  0.1182  g  methyithymol  blue  (sodium 
salt)  dissolved  in  25  ml  BaCI2  solution  (1.526  g  BaCI2  x  2  H20  per  liter),  4.0  ml  1  M 
HCI,  320  ml  distilled  water  and  250  ml  99.5%  ethanol.  Degas  carefully.  Use  a  yellow 
pump  tube  (solvent  flexible)  to  pump  R1. 

R2  0.04  M  NaOH. 

Column  preparation 

The  column  preparation  is  the  same  as  described  in  the  previous  section. 

Working  range 

Typical  working  ranges  are:  100  -  1000  mg  S04/l  for  method  A  (Fig.  9.8),  1  -  30  mg 
S04/l  for  method  B,  manifold  1  (Fig.  9.9),  and  10  - 125  mg  S04/l  for  method  B,  manifold 
2  (Fig.  9.10). 

Interferences 

Sulfide,  sulfite  and  chromate  ions  interfere  strongly.  Cations  (other  than  H+) 
interfere  for  the  methyithymol  blue  methods  but  should  not  be  present  after  the  sample 
treatment  in  the  ion  exchange  column.  Chloride  ions  of  very  high  concentrations  (above 
1000  mg/I)  might  interfere  in  the  turbidimetric  method.  Levels  of  interference  for  other 
anions:  fluoride  -  2  mg/I,  nitrate  -  50  mg/i  and  phosphate  -  2  mg/I. 

Standard  stock  solution,  1000  mg/I  SO, 

Dissolve  1.479  g  anhydrous  sodium  sulfate  in  distilled  water  and  dilute  to  1  liter.  Store  in 
an  amber  glass  bottle. 
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9.7  ALKALINITY 

Alkalinity  is  a  measure  of  the  buffering  capacity  for  water  or,  more  specifically,  the 
quantitative  capacity  to  react  with  hydrogen  ions.  It  is  sometimes  called  total  alkalinity  or 
methyl  orange  alkalinity.  A  common  method  for  determination  of  alkalinity  is 
potentiometric  titration  with  hydrochloric  or  sulfuric  acid  either  to  a  pH  value  of  5.4,  while 
continuously  purging  the  sample  with  carbon  dioxide-free  air,  or  to  a  pH  value  of  4.5  in  a 
first  step  and  then  further  to  reach  a  final  pH  value  of  4.2  (20-23).  If  X,  equals  ml  of  acid 
needed  to  titrate  to  pH  4.5  and  Xj  is  the  total  volume  of  acid,  then  the  alkalinity  is 
calculated  using  the  quantity  (2X,  -  Xj)  ml.  Alkalinity  is  expressed  in  mmol  HCOjj/l  or  in 
mg  HC037I  (1  mmol  HC037I  =  61  mg  HCO;/!). 

Sample  pretreatment 

The  sample  container  should  be  tightly  capped  as  soon  as  the  sample  has  been 
collected  and  the  alkalinity  determined  as  soon  as  possible  after  the  container  is  opened, 
preferably  the  same  day.  Let  the  sample  settle  prior  to  analysis.  The  sample  aliquot 
should  be  free  from  turbidity. 

FIA  principle  for  determination  of  alkalinity 

Manifold 

The  sample,  S,  is  injected  into  a  carrier  stream,  C,  and  merged  first  with  a  phthalate 
buffer  solution,  Rl,  and  then  with  a  methyl  orange  indicator  solution,  R2,  see  Fig.  9.11. 
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Fig.  9.11.  Manifold  for  determination  of  alkalinity.  Numbers  above  coils  denote  coil 
length/i.d.  (cm/mm). 
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Reagents 

C  Distilled  water  (carbon  dioxide-free). 

R1  Dissolve  10.2  g  potassium  hydrogen  phthalate  in  about  500  ml  distilled  water,  add 
175  ml  0.1  M  HCI,  make  up  to  1  liter  with  distilled  water.  Use  a  tenfold  dilution  of 
this  buffer  as  R1. 

R2  Make  a  methyl  orange  stock  solution,  0.05%  w/v  in  distilled  water.  Use  a  fivefold 
dilution  as  R2. 

Standard  stock  solution 


Sodium  carbonate  standard,  5.00  mmol/I:  Dry  anhydrous  sodium  carbonate 
overnight  at  105  ‘C.  Cool  in  a  desiccator,  then  weigh  0.530  g  and  transfer  to  a  1  liter 
volumetric  flask.  Add  distilled  water  and  dissolve.  Make  up  to  volume  with  distilled  water. 


9.8  FLUORIDE 

Determination  of  fluoride  in  water  samples  with  a  fluoride  selective  electrode  has 
become  an  officially  accepted  method  due  to  the  fact  that  this  electrode  is  one  of  the  best 
behaved  ion  selective  electrode,  ISE  (24).  When  this  electrode  is  operated  in  batch  or 
segmented  flow  mode  steady  state  potential  readings  are  used.  Too  often  the  analyst  has 
to  apply  an  arbitrary  interpretation  of  what  should  be  meant  by  a  steady  state  potential. 
This  means  that  the  exposure  time  may  vary  from  sample  to  sample.  Under  flow  injection 
conditions  the  exposure  time  is  exactly  defined  and  the  potential  readings  are  not 
necessarily  performed  at  steady  state  conditions.  An  interesting  question  then  is  whether 
the  electrode  still  obeys  Nernst’s  law  or,  at  least,  if  it  produces  a  useful  calibration  graph. 
In  this  respect,  the  difference  between  the  batch  approach  and  the  FIA  approach  is  small. 
However,  all  concerns  about  electrode  individualilty  and  matrix  variations  are  equally  valid 
for  both  approaches.  In  the  case  of  fluoride  determination  this  means  pH  and  ionic 
strength  adjustment  as  well  as  addition  of  metal  chelating  compounds  to  release  fluoride 
from  its  metal  complexes. 
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FIA  principle  for  fluoride  determination  (25-27) 

The  sample,  S,  is  injected  into  a  carrier  stream,  C,  and  merged  with  a  total  ionic 
strength  adjustment  buffer  (TISAB),  R,  see  Fig.  9.12. 

To  prevent  "overflow"  liquid  is  pumped  out  from  the  electrode  flow  cell  at  a  much 
higher  rate  than  all  incoming  flows  together.  The  liquid  level  in  the  cell  is  thereby  kept 
constant. 


200  pi 


Fig.  9.12.  Manifold  for  fluoride  determination  with  a  fluoride  selective  electrode  (ISE). 
Numbers  above  coil  denote  coll  length/i.d.  (cm/mm). 


Reagents 

C  A  carrier  stream  containing  small  amounts  of  fluoride  is  recommended  to  avoid 
electrode  drift,  e.g.  20  jzg  F/l. 

R  0.25  M  hexamethylentetraamine  (HMTA)  and  1  M  KCI.  This  solution  is  prepared 
as  follows:  17.5  g  HMTA  and  37.8  g  KCI  are  dissolved  in  500  ml  distilled  water.  pH 
is  adjusted  to  5.5  using  concentrated  HCl. 
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Reference  electrode 


A  calomel  electrode  is  used  as  a  reference  electrode.  To  avoid  poisoning  and 
malfunction  of  this  electrode  a  strong  KCI  solution,  3  M,  can  be  pumped  intermittently  to 
renew  the  liquid  in  the  vicinity  of  the  diaphragm. 

Working  range 

A  typical  working  range  is  0.1  -  2  mg  F/l.  Detection  limit  should  be  at  least  30  jig 
F/l  with  an  appropriate  flow  cell  design. 

Standard  stock  solution.  100  mg  F/l 

Dissolve  0.305  mg  potassium  fluoride  in  1000  ml  distilled  water. 

Interferences 


Hydroxide  ions  interfere  but  by  keeping  the  pH  at  5.5  this  interference  can  be 
minimized.  Ions  like  Al3*  and  Fe2+  will  form  complexes  with  fluoride  at  a  pH  below  5. 
Acetate  ions  might  interfere. 

General  comments  on  measurements  with  ion  selective  electrodes 

Response  time  measurements  of  ion  selective  electrodes  have  been  studied 
extensively  and  are  beyond  the  scope  of  this  book.  However,  response  time  changes 
which  are  associated  with  the  sample  matrix  are  of  importance  in  FIA  potentiometry  since 
they  directly  affect  the  accuracy  and  overall  reliability  of  the  method.  It  must  be 
remembered  that  each  electrode  might  exhibit  individual  changes  in  response 
characteristics  with  time  due  to  aging  and  changes  in  the  surface  properties.  Therefore, 
there  will  not  be  any  consistency  among  different  electrodes. 

Sample  viscosity  could  have  two  roles  to  play  in  the  FIA  potentiometric  system. 
First,  the  higher  hydrodynamic  resistance  after  injection  of  viscous  fluids  decreases  the 
flow  rates  and,  therefore,  affects  dispersion.  Second,  the  thickness  of  the  electrode 
boundary  layer  at  the  sensing  membrane  affects  the  resonse  time.  However,  upon 
investigation  the  sample  viscosity  produced  by  a  10%  glycerine  solution  is  minimal.  As  a 
rule,  the  viscosity  exhibited  by  this  solution  is  considerably  higher  than  would  be  expected 
for  samples. 
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As  the  ionic  strength  increases  the  response  time  increases  for  the  fluoride 
electrode.  At  50%  of  the  steady  state  signal  the  response  times  were  3.0,  3.4,  3.9  and  5.9 
seconds  for  0.0, 0.2, 0.5  and  1.0M  sodium  chloride,  respectively.  A  second  concern  is  the 
short  transient  in  the  positive  potential  direction  at  the  beginning  of  the  signal.  The 
fluoride  sample  creates  a  positive  transient  because  the  solution  of  higher  ionic  strength 
enters  the  cell.  Then,  after  the  sample  is  removed,  a  negative  transient  occurs  because  the 
lower  ionic  strength  solution  enters  the  cell.  Eventually,  the  previously  established  baseline 
is  reached. 

The  pH  dependency  of  the  fluoride  electrode  is  well  documented.  At  lower  pH  the 
hydrogen  fluoride  complexes  form.  This  produces  an  apparent  lower  fluoride  activity.  In 
the  case  with  FIA  a  pH  between  4.4  -  5.6  is  required. 


9.9  HEAVY  METALS 

Heavy  metals  in  water  samples  are  often  determined  by  flame  atomic  absorption 
spectrometry.  This  technique  is  less  sensitive  than  the  graphite  furnace  technique  which, 
on  the  other  hand,  is  more  expensive  and  more  subjected  to  interferences.  Several  reports 
on  preconcentration  of  heavy  metals  using  FIA  have  been  published  using  atomic 
spectroscopy.  The  simplest  method  is  a  single-line  FIA  system  with  a  column  containing 
a  cation  exchanger.  The  sample  is  injected  in  a  first  step  whereby  metal  ions  with  positive 
charge  are  trapped  in  the  column.  In  a  second  step  the  metal  ions  are  eluted  by  injection 
of  a  strong  acid.  At  the  same  time  the  column  is  reconditioned  and  is  then  ready  for  the 
next  sample.  The  main  drawback  with  this  approach  is  that  sample  matrix  material  will 
pass  through  the  detector  during  the  preconcnetration  step.  Therefore,  the  method 
described  here  is  based  on  the  principle  that  the  two  steps,  preconcentration  and  eluation, 
are  performed  in  two  different  but  integrated  flow  systems.  Furthermore,  by  operating  the 
column  in  a  countercurrent  mode  during  the  eluation  step  the  trapped  cations  are 
transplanted  into  a  very  small  segment  of  new  matrix  and  do  not  spread  out  axially  as  they 
would  if  they  were  passed  through  the  column. 

Sample  pretreatment 

Water  samples  are  preserved  at  collection  by  addition  of  concentrated  nitric  acid 
to  a  final  concentration  of  about  1  mM  of  the  acid.  Prior  to  analysis  20  ml  of  each  sample 
is  transferred  to  a  25  ml  volumetric  flask,  neutralized  with  (1  +  1)  ammonia  liquor  to  the 
yellow  color  of  methyl  orange  indicator  (2  drops  added),  buffered  with  2  ml  of  1  M 
ammonium  acetate  at  pH  5.5  and  diluted  tovolume  with  distilled  water.  Corrections  in  the 
final  result  are  made  to  compensate  for  the  sample  dilution  (28-30).  Alternative 
pretreatment  procedures  should  be  considered  for  specific  samples  and  applications. 
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Principles  for  the  determination  of  heavy  metals 

Manifold  1 


The  principle  is  shown  in  Fig.  9.13.  Pump  1  is  operating,  pump  2  is  stopped.  The 
sample,  S,  is  injected  into  a  carrier,  Cl,  and  passed  through  an  ion  exchange  column, 
I.E.C.,  and  further  to  waste.  Detector  carrier  solution,  C2,  is  pumped  in  a  separate  line 
using  the  same  pump,  pump  1.  When  all  sample  material  (except  the  trapped  cations)  has 
left  the  column,  pump  1  is  stopped  and  pump  2  is  started.  Eluant,  R1,  is  pumped 
countercurrently  through  the  column  and  directly  to  the  detector.  After  detection  pump  1 
Is  started  again  and  pump  2  is  stopped. 


Pump  2 


Fig.  9.13.  Manifold  for  determination  of  heavy  metals  using  a  flame  AAS  detector.  For 
details,  see  text.  Numbers  above  coil  denote  coil  length/i.d.  (cm/mm). 


Manifold  2 

This  is  an  alternative  approach  to  the  two-pump  system  described  above.  It 
requires  a  programmable  two  channel  injector.  Figs.  9.14  a  and  b  show  the  flow  principle. 
The  sample,  S,  is  injected  into  a  carrier,  C,  and  passed  through  an  ion  exchange  column, 
I.E.C.,  which  is  located  in  the  loop  of  the  second  injector  channel.  This  is  the 
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preconcentration  cycle  (Fig.  9.14  a).  The  second  injector  channel  is  identical  with  the  first 
channel  from  a  functional  point  of  view  but  has,  for  clarity,  been  drawn  differently  showing 
the  position  of  the  column.  During  the  eluation  step,  see  Fig.  9.14  b,  the  column  is 
"injected"  into  the  R  stream  which  serves  both  as  eluant  and  detector  carrier. 


s 


s 


Fig.  9.14.  Manifold  for  determination  of  heavy  metals  using  a  flame  AAS  detector. 

(a)  preconcentration  cycle,  (b)  eluation  cycle.  For  details,  see  text.  Numbers  above  coil 
denote  coil  length/i.d. 


The  acid  eluant/carrier  stream,  R,  is  introduced  continuously  into  the  detector.  This 
is  in  contrast  to  the  previously  described  approach  in  which  the  eluant  is  introduced 
intermittently. 

Reagents 

C  0.1  M  ammonium  acetate  solution  adjusted  to  pH  5.5. 

R  2  M  nitric  acid. 

Column  preparation 

Suitable  column  dimensions  are  40  mm  in  length  and  2.5  -  3.0  mm  in  inner  diameter. 
A  section  of  a  pump  tubing  can  be  used.  One  end  of  the  tubing  is  sealed  with  a  nylon 
screen,  100  mesh. 
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(a)  Chelex-100 

This  ion  exchanger  is  available  from  Bio-Rad  Laboratories,  USA,  in  its  sodium  form 
as  50-100  mesh.  The  ion  exchanger  is  converted  to  its  H+-form  before  it  is  filled  into  the 
column.  The  exchanger  can  be  filled  as  a  slurry  using  a  plastic  syringe.  Since  the 
Chelex-100  resin  swells  when  converted  from  its  H+-form  to  its  NH/-form  special  care 
must  be  taken  upon  packing.  About  75%  of  the  total  column  volume  is  filled  with  the 
H*-form  of  the  exchanger.  The  other  end  of  the  column  is  then  sealed  as  described  above. 
The  chelating  cycle,  i.e.  the  time  during  which  the  ammonium  acetate  carrier  is  transporting 
the  sample  through  the  detector,  should  not  exceed  90  sec.  The  ion  exchange  column 
should  be  rinsed  with  water  and  filled  with  water  when  not  in  use. 

(b)  8-quinolinol 

This  ion  exchanger  is  available  from  Pierce  Chemical  Co.,  USA.  It  is 
azo-immobilized  to  controlled  pure  glass  (CPG,  50  nm  pure  size  and  125  - 177  /tm  particle 
size).  The  ionic  form  is  not  important  since  it  does  not  exhibit  the  kind  of  swelling 
properties  as  the  Chelex-100  does.  The  total  volume  of  the  column  can  thus  be  filled  with 
this  exchanger. 

Standard  stock  solution 


Aqueous  standard  solutions  for  most  heavy  metal  ions  are  commercially  available. 
The  usual  concentration  level  is  1000  /tg/ml. 

Programming  of  pumps  and  injector 

Manifold  1 

Sample  volume  (injection  loop  volume):  3  ml 
Pumping  rate  for  sample  (into  the  injector):  6  ml/min 
Sample  aspiration  time:  60  sec 
Sample  injection  time:  60  sec 
Sampling  frequency:  30/h 

Manifold  2 


Sample  volume  (injection  loop  volume):  2  ml 
Pumping  rate  for  sample  (into  the  injector):  4  ml 
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Sample  aspiration  time:  60  sec 
Sample  injection  time:  60  sec 
Sampling  frequency:  30/h 

Pumping  of  sample  into  the  injector  is  preferred  to  aspiration  due  to  the  relatively 
high  flow  rates  recommended.  A  large  variation  of  sample  volume  and  manifold  flow  rate 
parameters  is  possible.  For  large  preconcentration  factors  the  sample  volumes  used 
should  be  increased. 


9.10  CYANIDE 

The  determination  of  anions  has  always  been  complicated  by  the  fact  that  there  are 
few  anionic  reagents  available  and  the  fact  that,  with  the  exception  of  ion  selective 
electrodes,  most  detectors  do  not  exhibit  selectivity  for  anions.  A  noteable  family  of 
detectors,  atomic  spectroscopy,  cannot  be  used  to  directly  determine  anions.  The  use  of 
atomic  spectroscopy  is  desirable  because  of  its  high  selectivity  and  sensitivity. 

The  reason  that  atomic  spectroscopy  has  not  been  done  with  anions  is  the  fact  that 
most  nonmetals  have  their  resonance  lines  in  the  vacuum  ultraviolet  region.  This  places 
an  enormous  constraint  on  the  instrumentation.  To  make  anionic  determinations  routine 
is  not  trivial  both  in  cost  and  training.  The  alternative  is  to  indirectly  determine  the  anion. 
Utilizing  some  type  of  metal  anion  chemistry,  the  anion  of  interest  is  converted  or  replaced 
in  the  sample  zone  by  a  metal.  In  most  cases  this  implies  that  some  type  of  reactor  must 
be  used  to  facilitate  this  conversion.  Under  manual  conditions  the  reproducible 
manipulation  of  the  sample  with  the  reactor  is  not  very  good.  If  this  process  could  be 
automated  then  the  utility  of  this  type  of  procedure  would  be  greatly  enhanced. 

In  the  case  of  cyanide  such  a  method  was  reported  using  FIA  (31).  This  method 
uses  an  on-line  heterogeneous  chemical  reaction  utilizing  a  column  containing  copper(ll) 
sulfide.  Copper(ll)  is  known  to  be  a  powerful  oxidizing  reagent  in  the  presence  of  cyanide, 
due  to  the  formation  of  extremely  stable  cuprocyanide  complexes.  The  cyanide  in  the 
sample  readily  dissolves  the  copper  sulfide  in  the  reactor.  The  released  copper  complexes 
are  determined  directly  using  atomic  absorption. 

Reagents 

The  carrier  stream  is  composed  of  potassium  hydroxide  at  pH  11.0.  Potassium 
cyanide  is  dissolved  in  water  and  standardized  using  silver  nitrate.  A  stock  solution  of 
0.102  M  is  prepared.  The  pH  of  all  standard  cyanide  solutions  are  adjusted  to  11  using 
potassium  hydroxide. 
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Microcolumn  construction 


A  reactor  body  of  a  chromatographic  column  consisting  of  a  6  cm  length  of 
borosilicate  glass  can  be  used.  The  ends  are  equipped  with  standard  luer  fittings.  A 
polyethylene  porous  bed  support  is  fixed  in  the  column  tips.  The  volume  of  the  column 
is  reduced  by  inserting  a  thick  walled  silicone  tube  inside  the  column.  The  final  diameter 
should  be  about  1  mm  i.d.  The  packed  column  should  contain  150  mg  of  crushed  cupric 
sulfate  particles  which  are  about  0.2  - 1  mm.  The  cupric  sulfide  is  packed  into  the  column 
by  using  a  disposal  pipet  with  a  tip  opening  of  about  1  mm.  The  pipet  not  only  acts  as  a 
funnel  but  ensures  that  no  particle  larger  than  1  mm  will  be  placed  inside  the  column.  An 
additional  on-line  filter,  3  mm  thickness  made  from  medium  porosity  fritted  glass  disk,  is 
inserted  into  5  mm  i.d.  by  2.3  cm  long  tygon  tubing  and  mounted  on  one  end.  The  two 
ends  of  the  reactor  are  connected  to  the  system  using  thick  walled  silicone  tubing  with 
a  diameter  of  1  mm  i.d. 

FIA  manifold 


The  FIA  manifold  is  a  simple  single  line  system,  see  Fig.  9.15.  The  samples  are 
injected  into  the  carrier  stream  of  potassium  hydroxide  which  is  flowing  at  6.4  ml/min.  The 
sample  size  is  between  50-150  jzl.  The  sample  peak  begins  typically  about  ten  seconds 
after  injection  and  returns  to  baseline  after  about  90  seconds.  A  throughput  of  forty-five 
samples  per  hour  can  be  achieved. 
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Fig.  9.15.  Manifold  for  the  indirect  determination  of  cyanide  using  FIA. 


189 


Results 

The  conversion  efficiency  of  this  reactor  is  about  33%.  A  detection  limit  of  1  ppm 
may  be  realized.  A  typical  working  range  is  1-50  ppm.  Interference  studies  at  520  ppm 
show  that  most  common  anions,  e.g.  acetate  and  oxalate,  exhibit  a  negative  0.6% 
interference  on  a  26  ppm  cyanide  sample.  The  only  serious  interfered  appears  to  be 
citrate  ion.  This  work  demonstrates  the  advantages  of  operating  a  heterogeneous  reaction 
under  FIA  conditions.  It  also  demonstrates  the  usefulness  of  conversion  techniques.  The 
selectivity  of  the  heterogeneous  reactions  make  the  promise  of  other  conversion  systems 
under  FIA  conditions  bright. 
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CHAPTER  10 


PHARMACEUTICAL,  CLINICAL,  BIOTECHNOLOGY 


10.1  INTRODUCTION 

These  three  areas  are  related  because  the  pharmaceutical  products  are  measured 
in  clinical  samples  and  are  sometimes  produced  by  biotechnological  methods.  However, 
each  area  has  a  unique  set  of  problems  that  must  be  resolved  for  every  determination. 

in  pharmaceutical  based  analysis  there  are  two  basic  application.  First  is  the 
determination  of  metabolites  in  clinical  type  samples  and  second  is  the  necessity  of  quality 
control.  The  majority  of  this  second  workload  deals  with  the  quality  control  issue.  Quality 
control  is  carried  out  through  the  entire  production  process,  from  raw  material  through 
intermediate  and  finished  purified  product  to  the  final  consumer  product  form.  FIA  can 
be  used  at  each  step  of  the  integrated  quality  control  process.  An  average  size 
pharmaceutical  company  may  handle  and  use  as  many  as  1000  different  types  of  raw 
materials.  Unfortunately,  it  is  required  that  several  different  determinations  are  made  on 
each  raw  material.  This  means  that  the  total  number  of  methods  and  variations  is 
extremely  large  in  comparison  with,  for  instance,  water  analysis.  There  are,  however, 
some  analytical  parameters  which  may  appear  frequently  like  "heavy  metals",  "clarity", 
“chloride",  "sulfate",  etc.  FIA  could  definitely  be  considered  in  this  context  even  if  the 
number  of  samples  is  limited.  For  the  intermediates  and  for  the  final  products  the 
pharmaceutical  company  has  most  likely  developed  its  own  analytical  methods.  Whether 
FIA  would  be  useful  in  these  situations  must  be  left  to  the  analytical  chemist  in  charge  of 
quality  control  to  judge.  Even  though  there  presently  is  no  commercially  available  FIA 
system  for  dissolution  rate  analysis  (DRA),  the  FIA  technique  would  be  ideally  suited  to 
handle  the  samples  which  are  collected  from  the  dissolution  vessels.  Furthermore,  the 
small  volumes  required  for  FIA  allow  a  frequent  sample  acquisition  without  altering  the 
original  volumes  in  the  vessels. 

In  clinical  analysis  the  situation  is  different  since  "accepted  methods"  must  be 
applied.  These  determinations  are  usually  carried  out  in  one  of  three  matrices,  blood 
(serum),  urine,  and  spinal  fluid.  It  should  be  mentioned  that  these  sample  matrices  are 
very  complicated.  Currently,  much  of  the  clinical  chemistry  is  performed  using  batch 
methods  in  the  form  of  kits  or,  if  automated,  the  batch  method  is  still  operated  as  a 
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kit-based  steady-state  system. 

The  question  is;  what  does  FIA  have  to  offer  clinical  chemists  besides  the  usual 
high  throughput,  precision  and  rapid  change  of  methods?  The  answer  can  be  focused  into 
three  areas:  kinetic  based  measurements,  matrix  modification,  and  reagent  conservation. 
Because  of  the  complex  nature  of  the  sample  matrix,  many  methods  have  several  potential 
interferents.  One  way  to  eliminate  or  minimize  these  interferents  is  to  utilize  the  kinetic 
rate  difference  between  the  analyte  of  interest  and  reagent  and  the  interfered  and  reagent, 
kinetic  discrimination.  A  second  alternative  is  to  transplant  the  analyte  from  the  sample 
matrix  to  an  ideal  matrix  for  detection  resulting  in  selectivity  enhancement.  Incorporation 
of  gas  diffusion,  dialysis,  and  extraction  modules  as  well  as  columns  can  accomplish  the 
analyte  transplantation.  The  last  advantage  of  FIA  is  the  conservation  of  reagents.  Many 
biological  based  determinations  are  selectively  performed  utilizing  the  specificity  of 
enzymes.  Unfortunately,  enzymes  are  usually  expensive.  A  secondary  concern  is 
maintaining  the  activity  of  the  enzyme.  By  using  intermittent  pumping  or  other  reagent 
conservation  technique  enzyme  use  can  be  minimized. 

One  biotechnological  use  of  FIA  is  for  analysis  of  fermentation  products. 
Essentially,  the  FIA  system  is  used  to  monitor  the  fermentation  process  in  real  time.  The 
difficult  part  of  this  process  is  sample  acquisition.  Reproducible  samples  are  difficult  to 
obtain.  The  sample  matrix  which  is  heterogeneous  In  nature  makes  sample  selection 
irreproducible.  The  fermentation  system  can  be  dramatically  affected  by  the  sampling 
procedure,  i.e.  stopping  the  fermentation,  infection.  The  stability  of  the  analyte  could  add 
an  additional  problem  to  the  chemist. 


1 0.2  DETERMINATION  OF  CODEINE  IN  PHARMACEUTICAL  PREPARATIONS 

Codeine  is  a  common  constituent  in  many  pain  relieving  pharmaceutical 
preparations.  The  procedure  described  here  was  originally  developed  for  the 
determination  of  codeine  in  acetylsalicylic  acid  tablets  (1)  but  can,  of  course,  be  adapted 
to  other  preparations.  The  procedure  is  based  on  liquid-liquid  extraction  of  the 
codeine-picrate  ion  pair  into  chloroform. 

Sample  preparation 

The  tablets  are  homogenized  and  an  amount  corresponding  to  a  final  concentration 
of  3.5x1  O'4  M  codeine  is  dissolved  in  0.065  M  phosphate  buffer,  pH  6.5.  Filter,  if 
necessary. 
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Chemical  principle 

Codeine  is  extracted  in  its  cationic  form,  HB+,  according  to 

+  Paq  ^  HBPorg 

where  P"aq  is  the  picrate  anion  in  the  aqueous  phase  and  HBPorg  is  the  extracted  ion  pair. 
The  extraction  yield  is  influenced  by  the  pH  of  the  aqueous  sample  aliquot.  The  useful  pH 
range  for  quantitative  formation  of  HB\  the  codeine  cation,  is  3  -  7.  At  low  pH  values 
picric  acid  can  be  co-extracted  and  this  fact  limits  the  useful  pH  range  further, 
approximately  to  4  -  7.  Furthermore,  the  situation  is  complicated  by  the  presence  of 
acetylsalisylic  acid.  At  pH  values  above  6  the  presence  of  undissociated  acid  in  the 
organic  phase  is  negligible.  Thus,  the  recommended  pH  is  6.5.  The  codeine  picrate  ion 
pair  is  measured  spectrophotometrically  at  405  nm. 

FIA  principle  for  codeine  determination 

Manifold 


The  sample,  S,  is  injected  into  a  phosphate  buffer  and  merged  with  a  picrate 
reagent,  Rl .  Water,  R2,  is  pumped  into  the  displacement  bottle  containing  chloroform, 
Org.  The  aqueous  and  the  organic  streams  merge  at  the  segmentation  point  marked 
“segmentor"  in  Fig.  10.1.  The  extraction  takes  place  in  a  PTFE  coil,  length  200  cm,  i.d.  0.5 
mm.  The  two  phases  are  separated  using  a  membrane  separator  and  the  organic  phase 
is  led  to  the  flow  cell  in  the  spectrophotometer.  The  useful  wavelength  range  for 
measurement  of  the  absorbance  is  350  -  410  nm.  The  manifold  design  is  shown  in  Fig. 
10.1. 

Carrier  and  reagents 
C  0.065  M  phosphate  buffer,  pH  6.5. 

Rl  0.025  M  picrate  prepared  in  0.065  M  phosphate  buffer  (C)  adjusted  to  pH  6.5. 

Neutralize  picric  acid  with  sodium  hydroxide  in  a  first  step,  then  add  buffer  to 
obtain  the  final  concentration  values. 

R2  Distilled  water. 


Org  Chloroform. 
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ml/min  40  jil 


Fig.  10.1.  Manifold  for  determination  of  codeine  by  liquid-liquid  extraction  of  its  picrate 
ion  pair.  Numbers  above  coils  denote  coil  length/i.d.  (cm/mm). 


Preparation  of  standard  solutions 

Use  codeine  phosphate  of  pharmacopeia  quality.  If  the  tablets  contain  sodium 
lauryl  sulfate,  or  any  other  related  substance,  the  composition  of  the  standard  solutions 
should  be  adapted  to  be  as  close  as  that  of  the  sample  solutions.  Influence  of  the 
different  constituents  in  the  tablet  should  be  investigated  by  running  pure  codeine 
standards  spiked  with  the  constituents  in  question.  Prepare  standards  in  the  range 
2  -  5  x  10"4  M. 


Concluding  remarks 

The  consumption  of  organic  phase  is  1.5  ml/min.  Thus,  with  a  sampling  frequency 
of  60  samples/hour  only  1.5  ml  of  organic  phase  (chloroform)  is  needed  per  sample. 
Manual  extraction  procedures  require  larger  volumes  of  both  organic  phase  and  sample. 
The  repeatibility  of  the  described  method  should  be  better  than  1.5%  r.s.d.  at  the  defined 
analyte  concentration  level,  3.5  x  10"4  M. 
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10.3  DETERMINATION  OF  LOWRY  PROTEIN 

The  methods  for  the  determination  of  protein  levels  are  based  on  intrinsic 
properties,  chemical  reactions,  or  binding  affinities.  The  most  often  used  method  for  the 
determination  of  protein  is  the  Lowry  method.  An  adaptation  of  this  method  to  FIA  has 
been  described  for  bovine  serum  albumin  and  hepatitis  B  antigen  (2). 

FIA  principle  for  determination  of  Lowrv  protein 

The  sample  is  pumped  from  the  sampler  into  the  injector  and  injected  into  a  carrier 
stream,  C,  comprising  either  of  distilled  water  or  of  a  phosphate-buffered  salt  solution 
(phosphate  buffer  at  pH  7.2  containing  7  mg  NaCI,  1.7  mg  NaHzP04  •  HzO  and  0.2  mg 
Na2HP04  •  7H20  per  ml).  Alkaline  tartrate  copper  reagent,  Rl,  is  added  and  mixed  with 
the  carrier  (sample)  stream  and  heated  in  a  100  cm  long  coil,  see  Fig.  10.2.  Folin- 
Ciocalteau  reagent,  R2,  is  then  added  and  detection  is  made  at  660  nm.  A  restrictor  coil 
after  the  flow  cell  prevents  formation  of  gas  bubbles.  The  wash  solution  for  the  sample 
probe  is  0.01  M  NaOH. 


Fig.  10.2.  Manifold  for  the  determination  of  proteins.  Numbers  above  coils  denote  coil 
length/i.d.  (cm/mm).  For  details,  see  text. 
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Reagents 

All  reagents  are  degassed  before  use. 

C  Distilled  water  (or  buffer,  see  above). 

R1  Mix  100  ml  copper  sulfate  solution,  0.7  mg  CuS04  -  5H20  per  ml,  with  250  mi  of 
alkaline  tartrate  solution,  18  mg  NaOH,  20  mg  Na2C03, 1.4  mg  NaKC4H406  *  4H20 
per  ml. 

R2  Mix  50  ml  Folin-Ciocalteau  reagent  (as  purchased)  with  250  ml  distilled  water. 


Results 

Temperature  directly  affects  the  rate  of  reaction  between  the  proteins  and  the 
alkaline  tartrate  copper  reagent,  R1  (2).  Therefore,  100  cm  of  the  160  cm  coil  used  to  mix 
R1  with  the  sample  is  placed  in  a  thermostated  cell.  The  increase  in  signal  between  30 
and  90  °C  is  about  70%  for  the  bovine  serum  albumin  and  300%  for  the  hepatitis  B 
surface  antigen.  At  90  °C  both  proteins  exhibit  the  same  absorbance  reading  for  the 
same  concentration.  The  response  of  the  method  is  20  seconds  with  a  less  than  2%  r.s.d. 


1 0.4  DETERMINATION  OF  CREATININE 

The  determination  of  creatinine  in  biological  samples  is  widely  used  in  clinical 
diagnostics  to  evaluate  renal,  thyroid,  and  muscle  function.  The  creatinine  clearance  test 
is  an  important  determination  for  renal  efficiency  particularly  during  artificial  dialysis 
treatments.  The  usual  analytical  method  is  the  Jaffe  reaction  in  which  creatinine  reacts 
with  picric  acid  to  form  a  colored  species  which  absorbs  at  500  nm  (3,4).  This  reaction 
is  not  specific  and  the  analytical  procedure  is  time  consuming.  To  achieve  the  desired 
specificity  enzymatic  methods  based  on  creatinase  or  creatinine  iminohydrolase  have  been 
developed  (5).  The  problem  with  these  methods  is  that  they  involve  many  expensive 
enzymes  in  a  series  of  intricate  reaction  sequences  and  are,  therefore,  time  consuming 
and  tedious.  Ammonia  is  the  usually  monitored  end  product  of  these  reactions.  The 
ammonia  originally  present  in  the  sample  must  be  removed  or  quantitated  (blank 
correction)  for  each  sample.  It  is  clear  that  FIA  can  offer  several  advantages  to  this 
method.  First,  the  enzymes  can  be  immobilized  in  packed  bed  reactors,  thus  reducing  the 
cost  per  sample.  The  ammonia  originally  present  in  the  sample  can  be  enzymatically 
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removed  before  "new"  ammonia  is  produced  by  the  influence  of  creatine  iminohydrolase. 
This  enzyme  reaction  would  also  be  performed  inside  a  packed  bed  reactor.  A  specific 
detector  such  as  an  ion  selective  electrode  or  other  electrochemical  device  can  also  be 
incorporated  into  the  manifold.  The  flowing  stream  would  make  it  possible  to  continually 
clean  the  surface  of  the  electrode  thereby  maintaining  the  desired  performance  levels. 

Yet  another  method  has  been  worked  out  which  uses  enzymes.  The  enzymes  are 
immobilized  on  an  iridium  metal  oxide  semiconductor,  MOS  (6).  The  electrode  surface 
is  protected  from  the  solution  by  a  gas  permeable  membrane.  The  usual  principles  of  gas 
diffusion  apply  for  this  detector.  Only  gaseous  constituents  in  the  sample  diffuse  through 
the  membrane  to  interact  with  the  electrode  surface.  The  reaction  chemistry  uses  two 
packed  bed  reactors.  The  first  contains  glutamate  dehydrogenase.  The  ammonia  in  the 
sample  reacts  with  a-ketoglutamate  in  the  presence  of  NADH  to  form  glutamate  and  NAD\ 
The  creatinine  in  the  sample  is  then  converted  to  N-methylhydantoin  and  ammonia  using 
creatinine  iminohydrolase,  immobilized  in  the  second  reactor.  A  detailed  description  of 
this  method  follows. 

Immobilization  procedure  (6) 

The  glutamate  dehydrogenase  (GLDH)  is  covalently  attached  to  glutardialdehyde 
activated  controlled  pore  glass  (CPG)  beads.  To  a  suspension  of  0.5  ml  of  activated 
CPG  in  5  ml  of  immobilization  buffer,  4  mg  of  glutamate  dehydrogenase  with  a 
corresponding  activity  of  144  units  is  added.  The  mixture  is  gently  shaken  at  4  °C  for  12 
hours.  The  CPG  is  washed  twice  with  0.5  M  sodium  chloride  and  finally,  once  with  the 
immobilization  buffer.  The  apparent  activity  on  the  CPG  should  be  about  70  units/ml. 

For  the  immobilization  of  creatinine  iminohydrolase  (CIH)  5  units  are  added  to  0.3 
ml  of  oxirane  acrylic  beads  which  are  suspended  in  5  ml  of  immobilization  buffer.  The 
suspension  is  gently  shaken  for  48  hours  and  then  washed  twice  with  water.  Then  the 
mixture  is  shaken  with  5  ml  of  3  mM  glycine  in  immobilization  buffer.  This  reaction 
terminates  all  the  unreacted  groups  on  the  beads.  The  beads  are  washed  with  0.5  M 
sodium  chloride  twice  and  immobilization  buffer  twice.  The  preparation  should  carry  an 
apparent  activity  of  10  units/ml  suspended  matrix. 

The  immobilization  buffer  is  0.05  M  sodium  phosphate  at  pH  7.0.  The  working 
buffer  for  the  method  is  0.05  M  Tris-HCI  at  pH  8.5.  This  buffer  also  contains  1.5  mM 
NADH,  0.5  mM  a-ketoglutarate  and  3  mM  sodium  azide  as  a  preservative.  The  washing 
buffer  is  0.1  M  sodium  phosphate  at  pH  7.0  with  0.8  M  sodium  chloride. 
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Stock  solution 

A  stock  solution  of  20  mM  creatinine  is  prepared  every  three  days  by  dissolving 
0.2264  g  creatinine  in  100  ml  of  water.  When  not  in  use  all  solutions  are  stored  at  4  °C. 


Manifold 

The  FIA  manifold  used  in  the  determination  of  creatinine  is  shown  in  Fig.  10.3. 
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Fig.  10.3.  Manifold  for  the  determination  of  creatinine  using  immobilized  enzymes. 
GLDH  =  glutamate  dehydrogenase,  CIH  =  creatinine  iminohydrolase.  For  details,  see 
text. 


The  sample  is  injected  before  the  reactors.  The  reactors  are  packed  in  PTFE 
tubing.  The  glutamate  dehydrogenase  is  in  a  column,  2  mm  i.d.  and  30  mm  long, 
containing  94  pi  of  enzyme  preparation  with  an  apparent  activity  of  6.6  units.  The 
creatinine  iminohydrolase  is  packed  in  a  column,  2  mm  i.d.  and  40  mm  long,  containing 
125  pi  of  enzyme  preparation  with  an  apparent  activity  of  1.25  units  at  pH  8.5.  In  both 
cases  the  enzyme  activity  is  high  enough  to  ensure  100%  substrate  conversion.  Once 
through  the  reactors  the  sample  zone  passes  through  the  lr-MOS  detector.  After  the 
detector  a  thin  0.2  mm  i.d.  0.5  mm  long  section  of  PTFE  tubing  is  added  to  increase  the 
pressure  difference  across  the  gas  permeable  membrane. 
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Results 

The  optimum  pH  for  the  reactors  is  from  7.5  to  7.9.  However,  as  the  system 
becomes  more  basic  ammonia  formation  is  favored.  At  pH  8.5  the  creatinine 
iminohydrolase  does  not  show  any  loss  of  activity.  While  the  glutamate  dehydrogenase 
looses  about  10%  of  its  activity.  Therefore,  the  system  is  run  at  pH  8.5  to  maximize 
ammonia  production.  The  blood  and  serum  samples  tested  are  diluted  25  and  1000  times, 
respectively.  Recovery  of  the  creatinine  spiked  samples  should  be  in  the  range  of  93  - 
105%.  Interference  levels  have  been  tested  for  many  of  the  common  drugs.  With  the 
exception  of  low  molecular  weight  amines  no  significant  interferences  were  observed.  The 
lifetimes  of  the  enzyme  reactors  are  several  months  if  stored  at  4  *C  when  not  in  use. 
The  detection  range  should  be  linear  from  0.2  to  30  At  least  15  samples  per  hour  can 
be  determined.  A  relative  standard  deviation  of  3  -  4%  at  a  mean  creatinine  concentration 
of  100  jiM  can  be  expected. 

The  described  FIA  procedure  is  a  fast  and  simple  method  for  the  determination  of 
creatinine  in  whole  blood,  blood  plasma  and  urine.  The  specificity  of  the  two  reactors  and 
the  detector  make  the  need  for  blank  correction  unnecessary.  The  substrate  is  completely 
converted  making  the  method  very  sensitive. 


10.5  DETERMINATION  OF  LACTATE 

This  application  was  originally  developed  for  lactate  in  perchloric  acid  extracts  of 
capillary  blood  (7)  but  can  be  modified  to  suit  other  sample  types.  Determination  of 
iactate  is  of  particular  interest  during  exercise  studies  since  the  increase  in  blood  lactate 
concentration  reflects  the  gradual  shift  to  anaerobic  metabolism  in  working  skeletal 
muscles. 

Sample  pretreatment 

Capillary  blood,  20  pi,  is  obtained  by  finger  prick  and  deproteinized  with  180  n\  0.3 
M  perchloric  acid.  The  mixture  is  shaken  for  15  -  30  seconds  at  room  temperature  and 
centrifuged  during  1-2  minutes  at  7000  x  g.  The  clear  acid  supernatant  is  used  to  fill  the 
injector  in  the  FIA  system. 
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Chemical  principle 

The  lactate  determination  is  based  on  the  following  reactions 

LDH 

lactate  +  NAD+  ~  . zt  pyruvate  +  NADH  +  H+ 

GPT 

pyruvate  +  L-glutamate  -v  ^  L-alanine  +  2-oxoglutarate 

where  NAD+  is  nicotinamide-adenine-dinucleotide,  LDH  lactate  dehydrogenase  and  GPT 
glutamate  pyruvate  transaminase.  Since  the  first  of  these  two  reaction  equilibria  is 
strongly  displaced  to  the  left,  pyruvate  and  H+  must  be  removed.  To  this  end,  the  second 
reaction  consumes  pyruvate  and  the  alkaline  buffer  keeps  the  H+  concentration  at  a  low 
level.  The  increase  in  NADH  concentration  is  measured  fiuorimetricaiiy. 

FIA  principle  for  lactate  determination 

Manifold 


The  manifold  used  is  shown  in  Fig.  10.4. 


ml/min  40  pi 


Fig.  10.4.  Manifold  for  determination  of  lactate.  Numbers  above  coil  denote  coil 
length/i.d.  (cm/mm). 
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The  sample,  S,  is  injected  into  an  alkaline  TRIS  buffer  carrier,  C.  Addition  of  the 
R1  and  R2  reagents  is  started  1  s  after  sample  injection  and  stopped  6  s  later  using  pump 
2.  The  entire  sample  zone  is  thereby  provided  with  R1  and  R2.  The  fluorescence  increase 
is  measured;  excitation  is  performed  at  370  nm  and  emission  is  measured  using  a  >  418 
nm  filter  in  the  fluorimeter. 


Carrier  and  reagents 

C  Tris  hydroxymethyl  aminomethane  (TRIS  buffer),  0.2  M,  pH  9.5  ±  0.1. 

R1  and  R2  are  prepared  from  a  Testomar  lactate  kit  (No.  OKA,  Behringwerke,  FRG): 

R1  Vial  1,  containing  the  enzymes,  is  reconstituted  with  15  ml  of  TRIS  buffer,  pH  9.5. 
Concentration  of  the  different  constituents: 

TRIS  buffer,  pH  9.5,  0.2  M 
Glutamate,  22  mM 

GTP  (glutamate  pyruvate  transaminase),  2.4  U/ml 
LDH  (lactate  dehydrogenase),  21  U/ml 

R2  Vial  2,  containing  NAD*  (nicotinamide-adenine-dinucleotide)  coenzyme,  is 
reconstituted  with  1 5  ml  of  water.  The  final  concentration  is  3.1  mM. 

The  reagents  are  stable  for  about  7  days  at  room  temperature. 


Standard  preparation 

Prepare  standards  in  the  range  0-15  mM  using  lithium  lactate  having  the  same 
perchloric  acid  concentration  as  the  samples. 


Interferences 

Pyruvate,  initially  present  in  the  sample,  may  suppress  the  signal.  At  a  lactate 
concentration  of  10  mM  a  pyruvate  concentration  of  0.2  mM  will  give  rise  to  a  signal 
decrease  of  about  3%.  In  Table  10.1  the  influence  of  pyruvate  concentration  is 
summarized. 
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Comments  on  the  method 


The  sampling  from  a  patient  of  20  /xl  capillary  blood  by  finger  prick  requires  skilled 
personnel.  The  addition  of  180  /if  perchloric  acid  must  be  performed  accurately.  The 
perchloric  concentration  recommended,  0.3  mM,  is  the  minimum  concentration  required 
to  obtain  a  clear,  protein-free  supernatant  in  a  blood  dilution  of  1:10.  If  higher  perchloric 
concentrations  are  used  the  detector  signal  increases. 


TABLE  10.1. 

Influence  of  pyruvate,  initially  present  in  the  sample,  on  the  observed  signal.  The 
decrease  is  expressed  as  a  percentage  of  the  signals  obtained  for  samples  containing  no 
pyruvate. 


Lactate  cone. 

mM 

Pyruvate  cone. 

mM 

Signal  decrease 

% 

10 

0.2 

3 

2 

0.2 

9 

10 

0.5 

9 

2 

0.5 

20 

The  NAD*  is  unstable  in  alkaline  medium.  The  quality  of  the  NAD*  is  important. 
Certain  brands  of  NAD*  may  give  rise  to  blank  fluorescence.  Standards  must  be  run  both 
at  the  beginning  and  at  the  end  of  a  sample  batch  (maximum  20  samples).  Frequent 
running  of  a  commercial  lactate  control  is  also  recommended.  The  calibration  graph  is 
non-linear. 

The  described  method  uses  commercially  available  and  nontoxic  reagents.  The 
reagent  cost  is  estimated  to  be  5  US  cents  per  assay. 


10.6  DETERMINATION  OF  ISOPRENALINE 

The  determination  of  isoprenaline  is  accomplished  spectrophotometrically  by 
reacting  the  isoprenaline  with  potassium  hexacyanoferrate(lll)  to  form  the  red 
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N-isopropylnoradrenochrome.  In  the  manual  method  the  reaction  is  carried  out  at  pH  7.4 
and  is  stabilized  30  seconds  later  by  changing  the  pH  to  4.0.  This  pH  change  is  necessary 
to  prevent  product  decomposition.  The  lack  of  operator  repeatibility  in  the  timing  of  the 
addition  may  lead  to  losses  in  precision.  Obviously,  the  incorporation  of  the  method  into 
FIA  would  eliminate  this  repeatability  problem. 

Consequently,  a  method  was  developed  using  FIA  (8).  But  of  more  significance  is 
the  fact  that  the  method  was  optimized  using  a  four-variable  modified  simplex  optimization 
procedure.  This  method  is  the  first  which  illustrates  the  use  of  simplex  and  it  also  has  a 
pharmaceutical  application.  The  actual  optimization  of  an  FIA  method  can  be  difficult  to 
reproduce  between  laboratories.  This  is  not  surprising  since  in  any  continuous  flow 
method,  in  addition  to  the  normal  chemical  variables  of  pH,  reagent  concentrations, 
temperature,  etc.,  the  system  parameters  of  flow  rates,  tubing  length,  internal  tubing 
diameters  and  sample  size  must  also  be  taken  into  account.  Therefore,  in  a  simple  single 
channel  system,  there  are  five  separate  variables  in  the  system.  A  solvent  extraction 
manifold  can  have  upwards  of  12  variables.  The  conventional  optimization  procedure  of 
changing  one  variable  at  a  time  (univariate  method)  is  therefore  time-consuming  and  may 
be  inadequate  as  a  means  of  reliably  determining  the  best  set  of  experimental  conditions. 

The  modified  simplex  method  for  optimization  is  better  suited  to  this  type  of  system 
since  several  variables  are  changed  simultaneously.  This  has  been  described  as  a  hill 
climbing  approach  to  optimization.  For  example,  if  there  is  a  four  variable  system,  5 
experiments  are  required  for  the  first  simplex.  The  four  variables  can  be  thought  of  as 
four  orthogonal  axes  where  each  experiment  is  represented  by  a  point  in  this  factor  space. 
The  figure  produced  by  the  points  of  the  five  experiments  is  known  as  a  simplex.  A  four 
variable  system  would  form  a  pentagon.  After  the  first  set  of  experiments  are  concluded, 
it  is  easy  to  determine  which  experimental  conditions  produced  the  best,  next  best  and 
worst  values.  By  reflecting  the  worst  response  value,  W,  through  a  point,  P,  located  on 
the  opposite  face  of  the  simplex,  a  reflection,  R,  is  generated,  see  Fig.  10.5.  By  rejecting 
W  and  replacing  it  with  R  a  new  simplex  is  formed  and  by  repeating  this  procedure  the 
simplex  climbs  the  response  surface.  Several  modifications  have  been  made  including  one 
which  also  contracts  as  well  as  reflects  (8). 


Fig.  10.5.  Schematic  illustration  of  the  modified  simplex  method.  For  details,  see  text. 
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The  selection  of  boundary  conditions  and  experimental  tolerances  is  the 
responsibility  of  the  analyst  and  care  is  needed  to  set  realistic  values.  For  the  initial 
simplex,  the  first  points  are  based  on  experimental  evidence  and  the  others  are  computer 
generated.  This  approach  usually  covers  10  -  40%  of  the  total  range.  Therefore,  the 
choice  of  the  first  point  is  to  define  the  area  of  exploration.  For  example,  sample  size  can 
be  small  and  increase  instead  of  large  moving  to  small.  The  procedure  is  terminated  when 
an  optimum  is  reached,  the  analyst  feels  that  the  current  rate  of  improvement  is  not  worth 
the  cost  or  that  a  predetermined  set  of  experiments  have  been  performed. 

Reagents 

The  potassium  hexacyanoferrate(lll)  stock  solution  is  0.0243  M.  The  sodium 
hydroxide  stock  solution  is  0.200  M.  The  carrier  stream  is  20  ml  of  pH  7.4  buffer.  The 
isoprenaline  stock  solution,  0.05  g/liter  of  isoprenaline  sulfate  dihydrate,  should  be 
prepared  fresh  daily  and  kept  in  a  dark  place. 

Manifold 

The  manifold  used  is  a  simple  one  line  system  with  a  spectrophotometer  as  a 
detector.  The  detector  used  has  a  1.4  mm  cell  path  but  a  conventional  flow  through 
detector  will  work.  The  manifold  used  is  shown  in  Fig.  10.6. 
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Fig.  10.6.  Manifold  for  the  determination  of  isoprenaline.  Numbers  above  coils  denote 
coil  length/i.d.  (cm/mm). 


206 


Results 


According  to  reference  8  the  optimized  procedure  for  the  four  variable  method  with 
high  throughput  and  fixed  330  pi  sample  loop  was  100  cm  coil  length,  5.2  ml/min  flow  rate, 
7.87  pH,  4.1 3  mM  f erricya  n  ide.  The  throughput  was  1 50  samples  per  hour.  The  sensitivity 
was  80%  of  maximum.  The  FIA  procedure  developed  by  the  four  variable  modified 
simplex  optimization  takes  about  60  seconds  per  analysis  but  takes  25  seconds  at 
conditions  which  produce  signals  which  are  80%  of  maximum  sensitivity.  The 
reproducibility  of  sample  residence  time  in  the  flow  system  is  such  that  a  change  in  pH 
is  not  required.  The  method  has  been  converted  into  a  routine  application.  With  simplex 
only  a  fraction  of  the  necessary  experiments  had  to  be  carried  out  to  reach  the  desired 
optimum. 


10.7  DETERMINATION  OF  PENICILLINS 

Penicillins  and  cephalosporins  are  hydrolyzed  either  by  alkali  treatment  or  by  use 
of  commercially  available  penicillinase.  The  hydrolysis  product  of  penicillins  is  the 
corresponding  penicilloic  acid  which  may  be  measured  directly  or  indirectly.  In  the 
presence  of  mercury(ll)  chloride,  for  example,  penicilloic  acid  reduces  molybdoarsenic 
acid  to  form  a  blue  complex  which  is  measured  spectrophotometrically  (9,10).  The  pH 
change  caused  by  the  formation  of  penicilloic  acid  can  also  be  measured.  The  procedures 
will  be  outlined  here  based  on  either  of  these  two  detection  principles. 

Method  1:  Determination  of  penicillin  V  in  fermentation  broths 

This  method  is  based  on  the  work  of  Schneider  (9). 

Reagents 

C  Penicillinase  solution,  500,000  U/100  ml.  Prepare  the  enzyme  in  a  100  ml  buffer 
pH  6.2.  The  buffer  is  prepared  as  follows:  dissolve  7.02  g  citric  acid  and  23.55  g 
disodium  hydrogen  phosphate  in  1  liter  of  distilled  water,  check  the  pH  and  sterilize 
the  solution. 

R1  Molybdoarsenic  acid  solution.  For  preparation  of  1  liter:  dissolve  30  g  of 
ammonium  heptamolybdate  tetrahydrate  in  400  ml  distilled  water,  add  25.5  ml 
concentrated  sulfuric  acid  and  cool.  Dissolve  3.6  g  of  disodium  hydrogenarsenate 
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heptahydrate  in  a  distilled  water  portion  of  about  25  ml  and  add  this  solution. 
Dilute  with  distilled  water  to  a  final  volume. 

R2  Dissolve  0.175  g  mercury(ll)  chloride  in  1  liter  of  water. 


Manifold 


Sample,  S,  is  injected  into  a  carrier  stream,  C,  containing  penicillinase,  see  Fig. 
10.7.  The  two  reagents,  R1  and  R2,  are  then  added.  R1  is  a  molybdoarsenic  acid  solution 
and  R2  a  mercury(II)  chloride  solution.  The  detection  is  made  at  670  nm. 


ml/min  40  fil 


Fig.  10.7.  Manifold  for  determination  of  penicillin  V  in  fermentation  broths.  Numbers 
above  coils  denote  coil  length/i.d.  (cm/mm). 


Working  range 

Linear  response  is  expected  over  the  range  100  - 1000  units  of  penicillin  V  per  ml. 


Standard  preparation 

Dissolve  a  standard  penicillin  V  salt  in  25  ml  citrate-phosphate  buffer  so  that  a 
1 0,000  U/ml  solution  results.  Dilute  this  stock  solution  with  citrate-phosphate  buffer  to 
make  a  standard  solution  in  the  range  100  - 1000  U/ml. 
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Method  2:  Determination  of  penicillins  using  immobilized  penicillinase 

This  method  was  originally  described  in  detail  by  Gnanasekaran  and  Mottola  (11) 
and  will  only  be  outlined  briefly  here. 

Penicillins  G  and  V  were  determined  in  the  range  0.05  -  0.50  mM  using  a  simple  FIA 
system  comprised  of  a  liquid  delivery  unit,  an  injection  valve,  an  enzyme  reactor  and  a 
glass  electrode  used  as  a  detector.  The  carrier  stream  was  a  1  mM  phosphate  buffer  of 
pH  6.40.  The  carrier  flow  rate  was  4  ml/min  and  the  injection  volume  was  160  pi. 

The  enzyme  reactors  were  of  two  types,  namely  glass  capillary  coils  (1  m,  1.4  mm 
i.d.)  and  PTFE  tubes  (1 .3  mm  i.d.).  Both  were  filled  with  etched  and  silylated  glass  beads. 
Leaching  of  the  glass  beads  was  performed  with  concentrated  hydrochloric  acid  overnight. 
The  beads  were  then  washed  with  water,  methanol  and  acetone  and  dried  at  140  °C  for 
1  hour.  Etching  was  performed  with  a  saturated  solution  of  ammonium 
fluoride/hydrofluoric  acid  in  methanol.  The  methanol  was  evaporated  in  vacuum.  Further 
treatment  included  heating  to  450  °C  for  3  hours,  washing  with  methanol  and  leaching  in 
hydrochloric  acid  as  before.  The  silylation  was  performed  with  (p-aminophenyl)- 
trimethoxysilane.  The  glass  capillary  coil  was  treated  in  the  same  way  as  the  glass  beads 
before  packing  took  place.  The  procedure  for  glutaraldehyde  coupling  entailed  shaking 
of  the  silylated  glass  with  a  2.5%  solution  of  glutaraldehyde  (20  ml)  in  0.05  M  phosphate 
buffer,  pH  7,  for  1  hour.  Washing  was  made  with  distilled  water.  The  immobilization 
procedure  consisted  of  shaking  0.5  g  of  glass  beads  with  10  ml  0.05  M  phosphate  buffer 
and  penicillinase  (1700  U)  at  4  °C  for  4  hours.  The  glass  was  then  washed  successively 
with  distilled  water,  1.0  M  potassium  chloride,  and  0.05  M  phosphate  buffer. 

The  detector  was  a  combined  glass  electrode  with  a  flat  surface  inserted  vertically 
in  a  cell  with  a  horizontal  flow  channel.  The  flow  ceil  “volume"  was  about  50  pi. 

10.8  DETERMINATION  OF  DRUGS  WITH  PHENOLIC  STRUCTURE  USING  THE 

4-AMINOANTIPYRINE  METHOD 

Phenol  reacts  with  4-aminoantipyrine  (AAP)  in  an  alkaline  solution  and  in  presence 
of  potassium  hexacyanoferrate(lll)  according  to 
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The  reaction  product  absorbs  strongly  at  550  nm  but  it  is  unstable.  Manual 
procedures  have  to  take  this  tact  into  account.  Consequently,  the  process  for  mixing 
sample  and  reagents  must  be  carefully  defined  and  several  absorbance  readings  must  be 
performed  at  preset  times.  Mechanization  of  the  manual  procedure  using  FIA  would  solve 
these  classical  mixing  and  timing  problems  associated  with  many  batch  methods.  FIA 
offers,  by  its  nature,  a  reproducible  mixing  and  a  reproducible  reaction  time  for  sample 
and  reagents.  The  method  described  here  is  based  on  the  work  of  Strandberg  and 
Thelander  (12). 

Sample  preparation 

Make  sample  solutions  with  a  final  concentration  of  about  0.3  mM. 


Manifold 


The  sample,  S,  is  injected  into  a  carrier  stream,  C,  comprised  of  distilled  water. 
The  first  reagent  stream,  Rl,  is  a  pH  9.5  buffer.  The  second  reagent  stream,  R2,  is  a 
4-aminoantipyrine  solution  and  the  third,  R3,  is  a  potassium  hexacyanoferrate(lll)  solution. 
The  detection  is  made  at  550  nm.  The  FIA  manifold  is  shown  in  Fig.  10.8. 


ml/min  4  0  /il 


Fig.  10.8.  Manifold  for  determination  of  drug  compounds  with  phenolic  structure. 
Numbers  above  coils  denote  coil  length/i.d.  (cm/mm). 
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Reagents 

C  Distilled  water. 

R1  0.3  M  borate  buffer,  pH  9.5. 

R2  0.25%  4-aminoantipyrine.  Prepare  freshly  each  day. 

R3  1%  potassium  hexacyanoferrate(lll).  Prepare  freshly  each  day. 

Concluding  remarks 

As  a  general  rule,  10-fold  and  30-fold  excesses  of  4-aminoantipyrine  and  potassium 
hexacyanoferrate(lll)  respectively  are  recommended  in  comparison  with  the  sample 
concentration.  Large  reagent  concentrations  might  give  rise  to  precipitation  in  the  system. 
Potassium  persulfate  can,  for  certain  applications,  be  considered  as  an  alternative  oxidant 
to  potassium  hexacyanoferrate(ill).  The  persulfate  reagent  solution  should  then  be 
alkaline  with  a  pH  value  of  about  1  liter.  It  is  necessary  to  adapt  both  the  manifo/d  design 
and  the  composition  of  the  reagent  and  carrier  solutions  to  the  desired  application  since 
derivative  phenolic  drug  compounds  may  behave  differently.  The  outlined  procedure 
should,  consequently,  be  regarded  as  a  starting  point  in  this  development  work. 
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CHAPTER  11 


FOOD  AND  FEED 


11.1  INTRODUCTION 

The  two  most  difficult  aspects  of  food  and  feed  analytical  chemistry  are  the 
complex  sample  matrix  and  the  heterogeneous  nature  of  the  sample.  The  majority  of  the 
samples  are  solids,  like  grains,  fruits,  vegetables  and  meats.  Because  of  the  complex 
nature  and  heterogeneous  nature,  a  comprehensive  sample  pretreatment  is  critical  to  the 
analytical  procedure.  Grinding,  mixing,  and  dissolution  are  the  usual  steps  of  the  sample 
preparation.  As  of  now  these  steps  are  not  easily  handled  by  FIA.  However,  after 
dissolution  the  sample  still  requires  additional  sample  preparation.  Usually  it  is  necessary 
to  attempt  to  remove  the  analyte  of  interest  from  the  dissolution  solution,  to  chemically 
mask  the  potential  interferents,  or  to  dilute  the  sample.  All  three  of  these  operations  can 
be  routinely  performed  using  FIA. 

For  many  analyte/sampfes  there  are  standard  methods.  In  many  cases,  the 
standard  water  methods  are  applicable  for  food  and  feed  analysis.  Unfortunately,  the  food 
and  feed  sample  matrix  many  times  limits  the  reaction  rates.  The  combination  of  sample 
pretreatment  and  analytical  detection  may  also  slow  the  apparent  reaction  rates.  More 
than  any  other  application  area,  food  and  feed  methods  require  heating  and  long  reaction 
times,  15  minutes  or  more.  For  such  methods  FIA  is  not  the  best  continuous  flow  system 
to  use. 

The  following  sections  are  selected  examples  which  will  serve  to  elucidate  the 
different  possibilities  which  FIA  offers.  Knowledge  of  the  chemistry  and  the  amount  of 
imagination  are  the  only  limiting  factors  for  the  development  of  other  FIA  based  methods. 


11 .2  DETERMINATION  OF  STARCH  IN  FOOD  AND  FEED  PRODUCTS 

Quantitative  determination  of  starch  is  important  and  often  requested  for  food  and 
feed  products,  in  particular  for  grains.  Starch,  which  is  a  mixture  of  linear  and  branched 
glucose  polymers,  is  first  hydrolyzed  to  oligosaccharides  by  incubation  in  the  presence 
of  a  thermostable  enzyme.  By  further  treatment  with  different  enzymes,  hydrogen 
peroxide  is  finally  obtained  and  is  detected  spectrophotometrically  after  enzymatic 
reduction  in  the  presence  of  a  chromogenic  reagent.  Several  of  the  enzymatic  reactions 
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which  are  required  to  accomplish  the  entire  determination  can  be  performed  in  an  F1A 
system  provided  with  reactors  containing  immobilized  enzymes  (1). 


Sample  pretreatment  procedure 

Grind  the  sample  to  a  particle  size  of  less  than  0.5  mm.  Weigh  accurately  40  -  50 
mg  of  the  sample  into  a  30  -  50  ml  glass  vessel  provided  with  a  stopper.  Add  25  ml  0.05 
M  acetate  buffer,  pH  5.0,  also  containing  280  mg  calcium  chloride  per  liter.  Add  0.1  ml 
thermostable  a-amylase  (e.g.  Termamyl  240  Knu/g,  Novo,  Denmark)  and  heat  to  95  °C. 
Shake  2  -  3  times  during  30  minutes.  Cool  and  centrifuge.  The  sample  solution  extract 
should  contain  0.01  -  0.3  mg  starch/ml. 


The  liquid  sample  extract,  S,  obtained  according  to  the  procedure  described  above, 
is  injected  into  a  buffer  stream,  C,  and  passes  through  a  series  of  reactors  containing 
immobilized  enzymes,  see  Fig.  11.1. 


ml/min  40  /xl 


pump  2 


Fig.  11.1.  Manifold  for  determination  of  starch  in  food  and  feed  products. 

I  =  amyioglucosidase,  II  =  glucose  oxidase/mutarotase,  and  III  -  peroxidase  reactors. 


The  first  reactor  contains  amyioglucosidase  which  catalyzes  the  hydrolysis  of  the 
starch  to  free  glucose.  Reactor  II  contains  two  immobilized  enzymes,  namely  glucose 
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oxidase  and  mutarotase.  Here,  the  glucose  is  oxidized  to  gluconic  acid  and  hydrogen 
peroxide.  The  added  reagent,  R,  is  a  mixture  of  chromotropic  acid  and 
4-aminophenazone.  Reactor  III  contains  immobilized  peroxidase.  The  colored  reaction 
product  is  measured  at  600  nm. 

Reagents 

All  reagents  must  be  degassed  before  use. 

C  Citrate-phosphate  buffer,  pH  4.5.  Prepare  by  addition  of  0.2  M  citric  acid  to  a 

0.2  M  disodium  hydrogen  phosphate  solution  until  a  pH  value  of  4.5  is  obtained. 
Dilute  125  ml  of  this  solution  to  1000  mi  with  distilled  water. 

R  2  mM  chromotropic  acid  +  1  mM  4-aminophenazone  in  citrate-phosphate  buffer. 
The  buffer  is  prepared  as  above  but  is  adjusted  to  pH  7.0.  This  reagent  is  should 
be  prepared  daily  and  kept  in  a  dark  bottle. 

Enzyme  preparation 

Use  enzymes  with  average  or  high  activity.  Dissolve  the  enzymes  in  cold  0.1  M  pH 
7.0  -  8.5  phosphate  buffer  (30  mg/ml)  and  dialyze  against  1  liter  of  the  same  buffer  at 
4  °  C  during  a  couple  of  hours. 

Preparation  of  CPG  falutaraldehyde)  for  reactors  I  and  II 

Use  controlled  pore  glass  (CPG)  with  a  hydrophobic  surface,  CPG-10, 0.075  -  0.125 
mm  (Serva). 

1.  Soil  10  ml  CPG  in  150  ml  5%  nitric  acid  for  one  hour. 

2.  Wash  the  CPG  on  a  G3  filter  with  1  1  of  water.  Let  the  CPG  dry  at  95  *  C. 

3.  Prepare  a  10%  aminopropyltrietoxysilane  solution  (5  g  +  45  ml  of  water)  and 
adjust  the  pH  to  3.45  by  adding  5  M  hydrochloric  acid. 

4.  Add  the  dry  CPG  to  this  solution  and  let  stand  at  75  •  C  in  a  water  bath  for  3  hours. 
Swirl  the  storage  vessel  each  15  minutes. 

5.  Wash  the  CPG  on  a  G3  filter  with  1  liter  of  water  and  dry  at  95  •  C  overnight.  CPG 
prepared  in  this  way  can  be  stored  for  later  use. 

6.  Prepare  a  2.5%  glutaraldehyde  solution  in  0.1  M  phosphate  buffer,  pH  7.0  -  8.5. 
Add  1.0  ml  of  this  solution  to  each  100  mg  of  CPG. 
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7.  Let  the  mixture  stand  for  one  hour  at  room  temperature  and  under  reduced 
pressure  during  the  first  30  minutes.  Wash  on  a  G3  filter  using  cold  water. 

Column  dimensions 

The  columns  should  be  made  of  2.2  mm  i.d.  PTFE  tubing  with  screw  fittings.  Plugs 
of  glass  wool  should  be  used  to  prevent  gel  leakage.  Column  dimensions:  reactor  1, 100 
mm  long  and  360  jul  volume;  reactor  II,  75  mm  long  and  270  /xl  volume;  and  reactor  III,  50 
mm  long  and  180  nl  volume. 

Column  preparation,  reactor  I  and  II 

Transfer  the  cold  enzyme  solutions  to  the  washed  and  wet  glutaraldehyde-activated 
CPG.  Store  the  suspensions  overnight  at  4  °C.  Wash  first  with  250  ml  cold  0.1  M 
phosphate  buffer,  pH  7.0  -  8.5,  and  then  with  500  ml  cold  distilled  water  on  a  G3  filter. 

Reactor  I  -  60  mg  amyloglucosidase/g  CPG. 

Reactor  II  -  2.5  mg  mutarotase  and  25  mg  glucosoxidase/g  CPG. 

Column  preparation,  column  III 

Use  diazo  activated  CPG  (SP  500  diazoniumphenyl  0.04  •  0.1  mm,  Serva).  Mix  100 
mg  CPG  with  0.5  ml  cold  phosphate  buffer  (0.1  M,  pH  8.9)  and  add  the  cold  enzyme 
solution  (60  mg/g  CPG).  Reduce  the  pressure  for  5  minutes  and  let  the  solution  stand  at 
4  °  C  overnight.  Wash  on  a  G3  filter  with  cold  phosphate  buffer,  pH  8.9.  Pack  the  column. 


Preparation  of  standard  solutions 

Weigh  about  0.05  g  starch  and  correct  for  the  amount  of  dry  matter.  Add  25  ml 
0.05  M  acetate  buffer,  pH  5.0,  containing  280  mg  calcium  chloride  per  liter.  Add  0.1  ml 
thermostable  a-amylase.  Heat  to  95  •  C  and  keep  the  mixture  at  the  same  temperature  for 
about  30  min.  Shake  the  mixture  intermittently.  Cool  and  centrifuge.  Make  a  set  of 
calibration  solutions  by  taking  aliquots  of  the  stock  solution.  Dilute  each  aliquot  to  100 
ml  with  distilled  water.  The  concentration  range  should  be  0.01  -  0.3  mg  starch/ml  in  the 
final  standard  solutions.  The  calibration  graph  should  be  linear. 
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1 1 .3  DETERMINATION  OF  CAFFEINE  IN  COFFEE  AND  TEA 


Caffeine  in  coffee  and  tea  samples  is  readily  determined  after  a  liquid-liquid 
extraction  procedure.  The  caffeine  itself  absorbs  light  in  the  UV  range;  a  wavelength  of 
276  nm  is  recommended.  The  extraction  is  performed  at  a  relatively  high  pH  value  to 
prevent  co-extraction  of  undissociated  acid  compounds  in  the  sample.  Chloroform  has 
proven  to  be  a  useful  organic  solvent  for  the  extraction. 


Sample  preparation 


Roasted  coffee: 
Soluble  coffee: 
Decaffeinated  coffee: 
Tea: 


1  g  dissolved  in  500  ml  hot  water 
1  g  dissolved  in  1000  ml  water 
1  g  is  dissolved  in  1 00  ml  water 

Treat  the  sample  with  hot  water.  Amounts  and  volumes  have 
to  be  adapted  to  the  brand  since  both  the  water  content  and 
the  caffeine  concentration  in  the  leaves  might  vary 
considerably.  Filtration  of  the  samples  might  become 
necessary. 


FIA  priciole  for  determination  of  caffeine 


Manifold 


The  manifold  is  shown  in  Fig.  11.2. 


ml/min  40 


Fig.  1 1 .2.  Manifold  for  the  determination  of  caffeine  in  coffee  and  tea. 

ORG  =  chloroform.  Numbers  above  coils  denote  coil  length/i.d.  (cm/mm). 
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The  sample,  S,  is  injected  into  a  carrier,  C,  comprised  of  distilled  water  and  merged 
with  an  alkaline  buffer,  R1.  Water,  R2,  is  pumped  into  the  displacement  bottle  containing 
chloroform,  Org.  The  aqueous  and  the  organic  streams  merge  at  the  segmentation  point 
denoted  by  "segmentor"  in  Fig.  11.2.  The  extraction  takes  place  in  a  PTFE  coil,  length  200 
cm,  i.d.  0.5  mm.  The  two  phases  are  separated  using  a  membrane  separator  and  the 
organic  phase  is  led  to  the  flow  cell  of  the  UV  detector.  The  absorbance  is  measured  at 
270  nm. 

Carrier  and  reagents 

C  Distilled  water. 

R1  Ammonia  diluted  1:10  with  water. 

R2  Distilled  water. 


Preparation  of  standard  solutions 

Prepare  aqueous  caffeine  standards  in  the  range  1  -  7  mg/I. 


Concluding  remarks 

The  repeatability  should  be  better  than  1%  r.s.d.  and  the  sample  throughput  is 
typically  60/h. 


1 1 .4  OXIDIZED  KETONE  BODIES  IN  MILK 

Dairy  cattle  In  their  peak  lactation  period  have  very  sensitive  energy  balances. 
Undernutrition  often  leads  to  increased  levels  of  ketone  bodies  in  the  blood  and,  at  the 
same  time,  increased  excretion  of  ketone  bodies.  Very  high  levels  of  ketone  bodies 
indicate  the  clinical  disease  ketosis,  while  lower  but  higher  than  normal  levels  may  be 
regarded  as  indicators  of  an  energy  imbalance  in  the  diet.  It  Is,  therefore,  important  to 
detect  ketone  bodies  as  a  basis  for  correction  of  diet  even  in  apparently  healthy  cows. 
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The  term  ketone  bodies  normally  includes  3-hydroxybutyric  acid,  acetoacetic  acid  and 
acetone.  The  sum  of  the  acetoacetic  acid  and  acetone  is  referred  to  as  oxidized  ketone 
bodies.  These  concentrations  of  oxidized  ketone  bodies  in  the  blood  stream  are 
considered  as  accurate  indicators  of  energy  imbalance  (2). 

Acetoacetate  in  blood  can  be  determined  enzymatically  using  3-hydroxybutyrate 
dehydrogenase  with  the  nicotinamide  adenine  dinucleotide  (NADH)  as  a  coenzyme.  Either 
ultraviolet  absorption  (3,4)  or  fluorescence  (5,6)  can  be  monitored.  Unfortunately,  these 
methods  are  not  directly  applicable  to  a  sample  matrix  like  milk.  The  low  opacity  of  milk 
makes  spectrophotometric  methods  useless.  A  rapid  semiquantitative  test  strip  method 
based  on  disodium  pentacyanonitrosoylferrate(ll)  is  available,  but  it  is  not  selective  or 
sensitive  enough  to  be  used  except  as  a  screening  test.  Acetoacetic  acid  is  easily 
decarboxylated  to  acetone  which  can  be  determined  with  many  colorimetric  reagents 
(2-13).  Once  again  the  milk  matrix  precludes  the  utilization  of  this  procedure  without  some 
type  of  separation  step.  Distillation,  extraction,  diffusion  and  chromatography  have  all 
been  used.  These  procedures  are  extremely  time  consuming  and  tedious. 


FIA  principle  for  determination  of  ketone  bodies 

The  conversion  of  acetoacetic  acid  to  acetone  by  thermal  decarboxylation  is  a 
good  method  to  estimate  the  oxidized  ketone  bodies.  The  decarboxylation  is  carried  out 
at  low  pH  and  1 00  •  C  for  35  min.  The  problem  is  the  milk  matrix.  Since  acetone  is 
volatile  and  gas  diffusion  is  a  viable  technique  in  FIA,  it  was  possible  to  develop  a  FIA 
method  for  oxidized  ketone  bodies  (14). 

The  sample  is  pretreated  for  the  decarboxylation  step  external  to  the  FIA  system. 
The  treated  sample  is  then  injected  into  the  donor  stream,  pH  6.9  -  7.0  phosphate  buffer 
(0.1  M),  of  a  gas  diffusion  manifold.  The  gas  diffusion  membrane  is  a  0.07  mm  thick  PTFE 
teflon  membrane.  A  portion  of  the  acetone  in  the  milk  transports  across  the  membrane 
into  an  acceptor  stream  which  contains  hydroxylamine/methyl  orange  reagents, 

0.0435  M/7.6x105  M  with  2xl04  M  NaOH.  The  pH  of  the  acceptor  stream  should  be  about 
3.5  -  4.0.  The  acceptor  stream  reagent  is  useful  for  no  longer  than  one  week  due  to  the 
decomposition  of  the  hydroxylamine. 

The  diffused  acetone  reacts  with  the  hydroxylamine  to  form  acetoxime.  This 
reaction  creates  a  shift  in  pH  which  is  monitored  by  the  methyl  orange  indicator.  The 
wavelength  of  observation  is  520  nm.  The  manifold  used  for  this  determination  is  shown 
in  Fig.  11.3. 
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ml/min  100  pi 


cell 


Fig.  11.3.  Manifold  for  the  determination  of  oxidized  ketone  bodies.  Numbers  above  coil 
denote  coil  length/i.d.  (cm/mm).  D  =  donor  stream,  A  =  acceptor  stream. 


The  sample  pretreatment  deserves  some  attention.  Thermal  decomposition  using 
perchloric  acid  requires  15  minutes,  but  also  denatures  the  proteins  causing  blocking  of 
the  tubing.  Simple  heating  takes  35  minutes  but  changes  the  fat  structure.  The  fat 
particles  accumulate  on  the  diffusion  membrane  thereby  changing  the  membrane 
properties.  Mechanical  homogenation  of  the  sample  after  heating  eliminates  this  problem. 


Interferences 


Ammonia,  formaldehyde  and  methyl  ethyl  ketone  can  also  diffuse  through  the 
membrane  and  will,  therefore,  affect  the  reagent  stream  pH.  A  10  mM  formaldehyde 
solution  gives  a  peak  equal  to  6%  of  a  peak  produced  by  a  1  mM  acetone  solution.  A 
solution  of  1  mM  methyl  ethyl  ketone  gives  about  77%  of  a  peak  produced  by  1  mM 
acetone. 


Detection  limit,  accuracy  and  precision 

The  detection  limit  is  0.1  mM  acetone  at  4  times  signal  to  noise  ratio.  The  accuracy 
is  between  2-5%  relative.  The  precision  is  between  0.5  -  2%  r.s.d. 
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11.5  SULFITE  AND  SULFUR  DIOXIDE  IN  BEVERAGES 

The  compounds  sulfur  dioxide  and  sulfite  ion  are  used  in  the  food  industry  as 
preservatives.  The  acid  base  equilibrium  between  sulfur  dioxide  and  sulfite  ion  is: 

H20  +  S02  ^  H2S03  ^  H+  +  HS03~  2H*  +  S032' 

It  is  essential  that  either  free  sulfite  or  total  sulfite  be  determined.  The  chemistry 
used  in  the  determination  is  simple,  but  the  sample  matrix  can  introduce  additional 
complications.  The  actual  species  determined  in  both  cases  is  sulfur  dioxide.  Reaction 
chemistries  which  are  relatively  selective  for  sulfur  dioxide  exist,  whereas  reagents  for 
sulfite  ion  are  not  considered  selective. 

The  determination  of  sulfite  ion  in  beverages  is  based  on  analyte  conversion  to 
sulfur  dioxide  accomplished  by  shifting  the  acid-base  equilibrium  towards  the  acidic  side 
using  a  mineral  acid.  The  sulfur  dioxide  is  usually  determined  using  the  reaction  product 
of  sulfur  dioxide,  formaldehyde  and  pararosaniline.  In  the  batch  mode  this  method  can 
be  used  to  determine  sulfur  dioxide  and  converted  sulfite  ion  with  the  existing  sulfur 
dioxide,  the  difference  between  the  values  obtained  in  these  two  determinations  being  the 
original  sulfite  ion  concentrations.  Determination  by  difference  might  adversely  affect  the 
accuracy.  The  difference  value  is  usually  a  small  number  while  the  two  values  used  to 
obtain  this  difference  can  be  large.  Propagation  of  error  will  sometimes  cast  doubts 
about  the  validity  of  the  value  determined  by  difference. 

Upon  initial  inspection  it  would  appear  that  this  method  would  be  easily  adapted 
to  FIA.  Other  than  throughput  and  precision,  would  there  be  any  other  potential 
advantages?  The  reaction  between  pararosaniline  and  sulfur  dioxide  is  slow.  When  this 
chemistry  is  run  in  an  FIA  system  the  reaction  is  not  complete  by  the  time  the  sample 
zone  passes  through  the  detector.  However,  since  the  residence  time  of  the  FIA  system 
can  be  kept  perfectly  constant  this  is  not  a  stumbling  block. 

If  increased  detectability  is  a  goal  stopped  flow  can  be  utilized  to  increase 
residence  time  and,  therefore,  allow  the  reaction  to  proceed  to  completion.  The  overall 
lowering  of  the  detection  limit  may  not  be  worth  the  time.  But  what  if  the  sample  matrix 
is  a  problem  for  the  method?  Stopped  flow  can  still  be  utilized.  In  one  reported  example, 
the  use  of  stopped  flow  circumvented  the  problem  of  high  background  absorbance  of  the 
sample  (1 5).  If  the  beverage  is  red  wine,  the  red  color  produced  by  the  reaction  between 
pararosaniline  and  sulfur  dioxide  is  obscured  by  the  wine  color.  Different  red  wines 
contribute  differently.  By  utilizing  stopped  flow  the  pararosaniline  sulfur  dioxide  reaction 
continues  to  produce  red  color  and  this  contribution  is  observed  as  an  increase  in  the 
absorbance,  see  Fig.  11.4. 
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Fig.  1 1 .4.  Typical  signals  obtained  for  the  determination  of  sulfur  dioxide  in  red  wine  using 
a  stopped  flow  FIA  technique  (15).  The  stopped  time  is  15  seconds.  Numbers  at  peaks 
denote  concentrations  in  ppm.  S  =  samples. 


The  manifold  used  to  produce  the  results  in  Fig.  11.4  is  shown  in  Fig.  11.5. 


ml/min  10  pi 


Fig.  1 1.5.  Manifold  for  the  determination  of  sulfur  dioxide  in  wine  based  on  a  stopped  flow 
FIA  technique  (15).  Numbers  above  coil  denote  coil  length/i.d.  (cm/mm). 

R1  :  0.08%  pararosaniline  in  0.3  M  sulfuric  acid.  R2  :  0.5%  formaldehyde  in  0.3  M  sulfuric 
acid.  The  two  streams  are  stopped  shortly  after  the  peak  maximum  is  reached.  The 
stopped  time  is  15  seconds. 
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The  calibration  of  the  system  is  based  on  the  amount  of  signal  produced  during  the 
stopped  flow  period.  A  variety  of  calibration  curves  with  varying  sensitivities  can  be 
constructed  since  any  point  along  the  descending  portion  of  peak  can  be  used.  There  are 
only  two  basic  constraints  on  the  system  and  they  are  both  based  on  the  pump  system. 
The  timing  of  the  stop  and  start  period  must  be  absolutely  reproducible  and  when  the 
pump  stops  it  must  stop  immediately  with  no  momentum. 

There  is  one  more  approach  which  is  used  primarily  to  enhance  selectivity  and 
that  is  gas  diffusion.  In  this  case,  "free"  sulfite  is  converted  to  sulfur  dioxide  in  the  FIA 
system.  The  formed  sulfur  dioxide  diffuses  across  a  gas  permeable  membrane  into  an 
acceptor  stream  of  formaldehyde  and  pararosaniline.  The  "total"  sulfite  content  in  the 
sample  can  then  be  measured  using  the  same  manifold  if  the  sample  is  pretreated 
according  to  the  batch  method  procedure.  Usually  the  sample  is  pretreated  with  sodium 
hydroxide.  The  sample  is  then  injected  in  a  carrier  stream  which  is  merged  with  a  mineral 
acid  stream  prior  to  the  gas  diffusion  step  in  order  to  convert  all  sulfite  to  sulfur  dioxide. 
The  gas  diffusion  manifold  creates  selectivity  by  only  allowing  volatile  species  to  transport 
to  the  acceptor  stream.  Matrix  interference  such  as  the  high  absorbance  background  of 
red  wine  is  completely  avoided.  A  typical  manifold  is  presented  in  Fig.  11.6. 
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Fig.  11.6.  Manifold  for  the  determination  of  "free"  sulfur  dioxide  using  gas  diffusion. 
Numbers  above  coils  denote  coil  length/i.d.  (cm/mm).  C  :  distilled  water,  R1  :  0.3  M 
sulfuric  acid,  R2  :  0.74%  formaldehyde  solution  (aqueous),  R3  :  0.08%  pararosaniline 
acetate  solution  (aqueous). 
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The  two  described  procedures,  stopped  flow  and  gas  diffusion,  can  be  combined 
to  produce  a  selective  and  sensitive  method.  In  this  design,  a  large  volume  of  the  sample, 
350  fi\  or  more,  is  injected  into  a  continuously  pumped  carrier  (donor)  stream  while  the 
acceptor  stream  containing  pararosaniline  is  under  stopped  flow  conditions.  Sulfur 
dioxide  will  continuously  be  transported  across  the  membrane  as  long  as  sample  is 
present  in  the  gas  diffusion  manifold  and  as  long  as  the  reagent  capacity  is  sufficient  to 
allow  a  complete  consumption  of  the  diffused  gas.  The  peaks  obtained  are  more 
symmetric  in  shape  than  the  usual  FIA  peaks.  Typical  calibration  ranges  for  these 
reactions  are  2  -  300  mg/I  calculated  as  sulfur  dioxide.  Reproducibility  is  usually  less  than 
1%  r.s.d. 

The  most  appropriate  method  for  the  determination  of  free  sulfite  in  wines  seems 
to  be  the  malachite  green  method  (16).  As  stated  earlier,  improvements  in  accuracy  can 
be  realized  by  minimizing  the  amount  of  sample  pretreatment.  The  use  of  FIA  certainly 
achieves  this  goal.  The  injected  sample  is  exposed  to  strong  citric  acid  at  pH  2  which  in 
turn  liberates  S02  gas  from  free  sulfite  and  the  labile  portion  of  bound  sulfite.  Once  again, 
the  gas  diffusion  technique  using  a  teflon  membrane  is  used  to  separate  the  S02  from  the 
sample  matrix.  The  S02  is  transported  onto  an  acceptor  stream  of  malachite  green  dye 
buffered  to  pH  8.  The  S02  discolors  the  dye.  This  discoloration  is  proportional  to  the 
S02  transported  accross  the  membrane  (16).  The  manifold  is  shown  in  Fig.  11.7. 
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Fig.  11.7.  Manifold  for  the  determination  of  S02  in  wines  using  malachite  green.  Numbers 
above  coils  denote  coil  length/i.d.  (cm/mm). 


The  procedure  varies  in  terms  of  sample  preparation.  In  the  case  of  wines,  citric 
acid  solution  of  pH  2  is  used.  For  foods  like  pineapple  or  shrimp  extraction  or  digestion 
procedures  must  be  used  (16). 
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Reagents 

The  stock  phosphate-buffered  malachite  green  solution  is  prepared  as  follows: 
Dissolve  200  mg  malachite  green  (99%)  and  8.5  g  of  potassium  dihydrogen  phosphate  in 
about  900  ml  of  water  and  dilute  to  1  liter.  This  solution  is  filtered  through  a  0.45  pm 
cellulose  acetate  membrane  filter  and  stored  at  4  *C.  All  dilutions  of  this  solution  are 
made  with  distilled  water. 

C  0.1 5  M  sulfuric  acid.  Add  8.3  concentrated  acid  to  about  900  ml  distilled  water,  mix 
and  dilute  to  1  liter. 

R1  Malachite  green  reagent:  Dilute  the  stock  phosphate-buffered  malachite  green 
solution  1+9  with  water.  Prepare  fresh  daily. 

R2  0.094  M  phosphate  buffer.  Dissolve  16.36  g  of  potassium  monohydrogen 
phosphate  in  about  900  mi  of  water  and  dilute  to  1  liter. 


Preparation  of  standard  solutions 

The  sulfite  standard  solutions  can  be  preserved  either  by  tetrachloromercurate 
(2.35  g  NaCI  +  5.45  g  HgCI2  per  liter)  or  acetaldehyde  (1%).  Standard  solutions  are  made 
in  the  range  0-20  ppm  using  Na2S03. 


Rinsing  procedure 

Wash  out  the  FIA  system  by  pumping  ca  20  ml  0.02  M  NaOH  solution  through  all 
lines.  Keep  this  solution  in  the  pump  tubes  and  in  the  manifold  overnight  but  release,  as 
usual,  the  compression  band  or  cam  of  the  pump  so  that  the  pump  tubes  are  note 
flattened. 


Results 


The  results  of  this  method  are  a  linear  range  from  1-20  ppm  as  S02  with  a 
detection  limit  of  0.1  ppm.  The  analysis  time  is  1  minute.  The  observed  r.s.d.  is  1%. 
When  this  method  is  compared  against  the  pararosaniline,  colorimetric  extraction,  and 
enzymatic  methods  the  results  are  in  good  agreement  (16). 
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11.6  DETERMINATION  OF  POTASSIUM  BROMATE  IN  FLOUR 

Potassium  bromate  is  added  to  flour  to  improve  the  breadmaking  qualities.  The 
maximum  allowed  level  in  bread  may  vary  but  is  typically  50  mg/kg  of  flour  mass  (17). 
The  official  method  is  based  on  iodometry.  Potassium  iodide  is  added  to  an  acidic  sample 
solution  and  iodine  is  formed.  Sodium  thiosulfate  is  added  in  excess  and  the  excess  is 
titrated  with  potassium  iodate.  The  FIA  method  described  here  is  based  on  a  colorimetric 
principle  of  determining  the  iodine  formed  after  the  addition  of  potassium  iodide  to  the 
sample  (17).  For  each  bromate  ion  three  iodine  molecules  are  formed  provided  that 
iodide  is  added  in  large  excess  and  that  the  solution  is  acidic. 

Ammonium  molybdate  is  used  to  increase  the  iodine  formation  rate.  Iodine  and 
starch  form  the  colored  complex.  However,  the  color  intensity  varies  with  time. 
Corresponding  batch  methods  may  produce  inconsistent  results  due  to  individual  working 
modes  among  different  analysts.  These  differences  do  not  exist  with  the  FIA  methodology. 

Sample  preparation 

Weigh  5  g  of  flour  into  a  100  ml  screw-capped  bottle  and  add  20  ml  2%  zinc  sulfate 
solution.  Shake  the  bottle  to  disperse  the  flour.  Add  4  mi  sodium  hydroxide  solution, 
concentration  21  g/l.  Add  1  ml  distilled  water.  Shake  the  bottles  for  5  min  on  a 
wrist-action  shaker.  Centrifuge  for  5  min  at  1150  x  g.  Filter  the  supernatant  through  a 
Whatman  no.  4  paper  and  use  the  filtrate  to  fill  the  injector  of  the  FIA  system. 

FIA  principle 

The  sample,  S,  is  injected  into  a  zinc  sulfate/starch  solution  carrier,  C,  and  merged 
with  a  reagent  solution,  R1,  comprised  of  ammonium  molybdate.  After  mixing  in  a  30  cm 
coil,  i.d.  0.7  mm,  a  potassium  iodide  reagent  solution,  R2,  is  added.  The  detection 
wavelength  is  570  nm.  The  manifold  for  determination  of  potassium  bromate  is  shown  in 
Fig.  11.8. 


Reagents 

C  The  carrier  solution  is  prepared  from  0.45  g  zinc  sulfate,  0.59  g  of  anhydrous 
sodium  sulfate  and  25  ml  of  starch  solution.  The  latter  solution  is  prepared  by 
mixing  1.0  g  of  soluble  starch  to  a  creamy  paste  with  a  little  water  and  pouring  the 
paste  in  100  ml  of  boiling  water.  The  starch  solution  mush  be  prepared  fresh  every 
few  days. 
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R1  Ammonium  molybdate  in  sulfuric  acid.  The  ammonium  molybdate  concentration 
should  be  0.3  g/l  in  sulfuric  acid  diluted  1  to  9  with  distilled  water. 

R2  Potassium  iodide  solution,  10  g/l.  This  solution  is  prepared  in  distilled  water  with 
a  few  drops  of  sodium  hydroxide  added  to  prolong  the  shelf  life. 

The  closing  down  procedure  of  the  FIA  system  should  include  a  flush  cycle  for  all 
lines  using  2%  sodium  hydroxide  first  and  then  distilled  water.  Pump  each  solution 
2  -  3  min. 
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Fig.  11.8.  FIA  manifold  for  determination  of  potassium  bromate  in  flour.  Numbers  above 
coils  denote  coil  length/i.d.  (cm/mm). 


Preparation  of  standards 

Make  a  stock  solution  of  0.2500  g  potassium  bromate  per  liter.  Prepare  working 
standards  in  the  range  25-  125  mg/I.  Weigh  5  g  untreated  and  unbleached  flour  into  a 
100  ml  screw-capped  bottle  and  add  20  ml  2%  zinc  sulfate  solution.  Put  on  the  cap  and 
shake  to  disperse  the  flour.  Open  and  add  4  ml  sodium  hydroxide,  concentration  21  g/l, 
and  1  ml  of  the  working  standard  solution.  Shake,  centrifuge  and  filter  as  described 
previously  for  the  sample.  Use  distilled  water  instead  of  working  standard  to  prepare  a 
blank. 

Interferences 


Oxidizing  or  reducing  agents  present  in  the  flour  sample  may  interfere. 
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1 1 .7  SELENIUM  IN  BIOLOGICAL  MATERIAL 

The  determination  of  selenium  in  biological  material  requires  a  method  which  can 
work  in  the  presence  of  other  metal  ions  and  some  interfering  anions.  The  conventional 
way  to  determine  selenium  is  to  use  atomic  absorption,  AA,  or  inductively  coupled  plasma 
optical  emission  spectroscopy,  ICP.  Direct  aspiration  of  samples  containing  selenium  into 
the  flame  and  plasma  has  not  been  successful  most  often  because  the  concentration 
levels  are  low.  Furthermore,  the  excitation  and  emission  lines  are  in  the  vacuum  and  near 
vacuum  ultraviolet  region  which  means  that  many  sample  constituents  may  interfere. 

As  a  rule,  hydride  generation  is  the  analyte  conversion  step  that  is  performed  to 
address  the  abovementioned  problems.  In  this  technique  the  hydride  forming  species  are 
converted  to  volatile  hydride  compounds.  Elements  like  arsenic,  antimony,  tin  and 
selenium  are  easily  determined  using  this  procedure.  The  sample  containing  the  hydride 
forming  species  is  usually  mixed  with  hydrochloric  acid  and  sodium  borohydride,  although 
some  researchers  have  used  different  acids  and  hydrogen  producing  compounds.  The 
hydrogen  produced  reacts  with  the  metal  ion  to  form  the  metal  hydride.  For  example,  in 
the  case  of  arsenic,  the  hydride  is  arsine,  AsH3.  The  volatile  metal  hydride  is  purged  from 
the  solution  and  collected,  a  type  of  preconcentration  step,  before  the  hydride  is  allowed 
to  enter  the  flame  or  plasma.  Clearly,  the  reproducibility  of  this  procedure  depends  on 
timing. 

However,  the  accuracy  of  this  method  is  also  dependent  on  whether  the  potential 
interferents  are  eliminated  from  the  sample.  The  hydride  generation  methods  have  two 
types  of  interferences,  atomizer  and  chemical.  The  atomizer  interferences  include  the 
problems  generated  by  the  atomization  process  and  the  thermal  processes  in  the  flame 
or  plasma.  As  a  rule,  the  FIA  system  will  not  affect  the  atomizer  interferences.  If  the 
Dedina  cell  is  employed  many  of  the  atomizer  interferences  are  minimized  (18). 

The  chemical  interferences  can  be  categorized  into  two  groups,  transition  metals 
and  other  hydride  forming  ions.  The  transition  metal  interferences  appear  to  be  due  to 
the  fact  that  the  transition  metal  ions  are  in  higher  concentration  than  the  hydride  forming 
elements  and  that  the  transition  metal  ions  form  their  own  hydrides.  The  transition  metal 
hydrides  exhibit  low  solubility  and  will  precipitate.  These  particles  adsorb  the  hydrides 
formed  by  the  selenium,  arsenic,  etc.  In  this  case  the  obvious  problem  is  that  not  all  the 
selenium  hydride  formed  reaches  the  detector.  In  addition,  the  selenium  hydrides  will 
decompose  to  metallic  selenium  in  some  systems. 

The  other  chemical  interferences  are  even  more  puzzling.  Arsenic  will  affect  the 
amount  of  selenium  hydride  observed  and  selenium  will  affect  the  amount  of  arsine 
observed.  All  the  volatile  hydride  forming  elements  will  interfere  with  the  determination 
of  other  volatile  hydride  forming  elements.  The  exact  mechanism  is  not  known.  Even 
speculation  is  at  a  minimum,  it  should  be  clear  that  the  determination  of  any  of  the 
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volatile  hydrides  is  difficult  because  of  the  numerous  interferences  and  the  irreproducible 
manner  in  which  the  generation  and  trapping  of  the  hydrides  is  handled.  Continuous  flow 
analysis  would  most  certainly  improve  the  precision  of  these  methods. 

There  are  three  approaches  to  automating  the  generation  of  hydrides: 

1)  mechanization  of  the  manual  mixing  of  the  sample  and  the  reagents  and  placing  the 
mixture  in  a  gas/liquid  separator,  2)  use  of  FIA  or  segmented  flow  to  accomplish  the 
mixing  of  the  sample  and  the  reagents  and  contain  the  gases  in  the  stream,  and  3)  use  of 
FIA  and  dual  phase  gas  diffusion  to  separate  the  volatile  hydride  from  the  sample  matrix 
before  some  of  the  interfering  reactions  can  occur. 

For  the  first  two  options  some  type  of  gas/liquid  separator  must  be  used.  Such 
separators  are  commercially  available  from  most  manufacturers  of  AAS  equipment. 

Fig.  11.9  shows  a  manifold  based  on  the  principle  of  dual  phase  gas  diffusion. 
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Fig.  11.9.  Manifold  for  dual  phase  gas  diffusion.  Numbers  above  coils  denote  coil 
length/i.d.  (cm/mm). 


Reagents  and  standard  solutions 

There  are  several  alternatives  to  the  reagent  selection,  but  the  reagents  given  here 
are  the  most  popular.  Sodium  tetrahydroborate(lll)  solution  is  2%  (w/v)  in  NaBH4  and  1% 
(w/v)  in  potassium  hydroxide  and  must  be  prepared  fresh  daily.  Selenium  standards  of 
1000  mg/I  are  prepared  from  sodium  selenite. 
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Performance 

In  addition  to  interferences,  the  biggest  problem  with  automated  hydride  systems 
has  been  the  noise  generated  by  the  separator.  This  type  of  separator  produces  a  series 
of  spikes  in  the  baseline  every  time  a  bubble  is  released  from  the  system. 

Interferences  are  usually  dealt  with  by  using  two  chemical  tricks.  With  potassium 
iodide  added  to  the  reaction,  the  lowest  valence  state  of  the  volatile  hydride  forming 
elements  will  be  presented  to  the  sodium  borohydride.  This  is  important  since  there  are 
differences  in  the  rates  of  reaction  for  the  different  valence  state.  The  second  trick  is  to 
use  hydroxylamine  hydrochloride  to  reduce  the  transition  metal  ion  interference.  The 
addition  of  these  reagents  has  been  given  as  a  reason  to  incorporate  segmented  flow, 
reduced  sample  dispersion,  instead  of  FIA  (19).  Although  the  hydroxylamine 
hydrochloride  step  does  significantly  reduce  the  transition  metal  ion  interference,  it  makes 
the  procedure  more  complicated  and  becomes  more  dependent  on  the  sample  matrix 
remaining  constant.  By  taking  advantage  of  the  kinetic  discrimination  potential  of  FIA  the 
hydroxylamine  step  is  unnecessary  since  the  transition  metal  ions  cannot  form  their 
hydrides  as  fast  as  the  volatile  hydride  elements.  This  is  accomplished  by  immediate 
removal  of  the  volatile  hydride  from  the  system.  The  adsorption  process  does  not  have 
time  to  occur.  For  example,  copper(ll)  interferes  at  500  weight  percentage  in  a 
conventional  FIA  system  while  the  dual  phase  gas  diffusion  system  does  not  exhibit 
interferences  even  at  a  10,000  weight  percent  interfered  to  analyte  ratio. 

None  of  the  systems  completely  eliminates  the  interferences  created  by  the  other 
volatile  hydride  forming  elements.  Surprisingly,  the  different  systems  for  selenium  give 
different  degrees  of  interference  for  the  same  species,  e.g.,  Te(IV)  ioo,  10,  and  25  weight 
percents  for  the  normal  FIA,  segmented  flow  and  dual  phase  gas  diffusion,  respectively. 

Improved  selectivity  for  the  individual  volatile  hydride  forming  elements  can  be 
achieved  by  varying  the  concentrations  of  the  reagents  and  some  of  the  reagents 
themselves.  It  is  important  to  check  the  actual  selectivity  of  the  system  being  used  before 
the  determinations  are  evaluated.  For  most  samples  there  is  little  concern  over  the  other 
volatile  hydrides. 


REFERENCES 

1.  S.  Bengtsson,  K.  Larsson  and  I.L.  Orde,  personal  communication,  1988  (National 
Laboratory  for  Agricultural  Chemistry,  Uppsala,  Sweden).  [-] 


230 

2.  H.  Steger,  H.  Girschewski,  B.  Piatkowski  and  J.  Voigt,  Arch.  Tierernahr.,  22  (1972) 
157.  [-] 

3.  D.H.  Williamson,  J.  Mellanby  and  H.A.  Krebs,  Biochem.  J.,  82  (1962)  90.  [-] 

4.  K.G.M.M.  Alberti  and  T.D.R.  Hockaday,  Br.  Med.  J.,  2  (1972)  565.  [-] 

5.  C.  Olsen,  Clin.  Chim.  Acta,  33  (1971)  293.  [-] 

6.  P.T.  Ozand,  R.L.  Hawkins,  R.M.  Collins  Jr.,  J.T.  Tildon  and  M.  Cornblath,  Biochem. 
Med.,  14  (1975)  170.  [*] 

7.  H.  Goshke,  Clin.  Chim.  Acta,  28  (1970)  359.  [-] 

8.  H.G.  Schuster  and  G.  Baasch,  Z.  Med.  Labortech.,  12  (1971)  312.  [-] 

9.  C.  Thin  and  A.  Robertson,  Biochem.  J.,  51  (1952)  218.  [-] 

10.  E.  Mehnert,  Arch.  Exp.  Vetrinarmed.,  24  (1970)  1269.  [-] 

11.  A.D.  Woolhouse,  N.  Z.  J.  Med.  Lab.  Technol.,  25  (1971)  82.  [-] 

12.  V.H.  Peden,  J.  Lab.  Clin.  Med.,  63  (1964)  332.  [-] 

1 3.  H.  Steger  and  J.  Voigt,  Arch.  Tierernahr.,  20  (1 970)  631 .  [-] 

14.  P.  Marstorp,  T.  Anfalt  and  L  Anderson,  Anal.  Chim.  Acta,  149  (1983)  281.  [412] 

15.  J.  Ruzicka  and  E.H.  Hansen,  Anal.  Chim.  Acta,  114  (1980)  19.  [71] 

16.  J.J.  Sullivan,  T.A.  Hollingsworth,  M.W.  Wekell,  R.T.  Newton  and  J.E.  Larose,  J. 
Assoc.  Off.  Anal.  Chem.,  69  (1986)  542.  [788] 

17.  B.G.  Osborne,  Analyst,  112  (1987)  137.  [1285] 

18.  J.  Dedina,  Anal.  Chem.,  54  (1982)  2097.  [-] 


19. 


H.  Narasaki  and  M.  Ikeda,  Anal.  Chem.,  56  (1984)  2059.  [444] 


231 


CHAPTER  12 

PROCESS  AND  QUALITY  CONTROL 


12.1  INTRODUCTION 

Most  of  the  time  process  chemistry  falls  under  the  general  term  of  process  control. 
However,  process  chemistry  has  three  different  functions:  process  analysis,  process 
monitoring,  and  process  control. 

Process  analysis  is  the  technique  of  analyzing  what  actually  happened  in  the 
process.  Process  monitoring  is  the  determination  of  the  analyte(s)  of  interest  in  order  to 
evaluate  what  is  happening.  While  process  control  actually  takes  the  information 
produced  by  the  process  monitoring  and  uses  some  type  of  artificial  intelligence  to  decide 
on  a  course  of  action  to  correct  the  process  conditions. 

A  second  set  of  nomenclature  consist  of:  on-line,  at-line,  off-line,  in-line,  and 
noninvasive.  On-line  refers  to  an  analytical  system  which  takes  a  sample  directly  from  the 
process  stream  and  immediately  begins  the  determination  of  the  analyte.  Off-line 
measurements  are  made  on  samples  from  the  process  stream  which  are  taken  to  a 
laboratory.  At-line  measurement  are  made  on  samples  which  are  removed  from  the 
process  stream  and  the  analytical  method  is  performed  at  the  location  of  the  sampling. 
In-line  analytical  methods  have  the  detector  in  the  process  system.  The  noninvasive 
system  directly  measures  the  analyte  of  interest  without  physical  sampling. 

In  the  case  of  FIA,  noninvasive  type  systems  are,  by  definition,  excluded.  In-line 
systems  are  also  unlikely  but  theoretically  possible.  An  FIA  system  can  be  used  in  a 
laboratory,  off-line,  in  the  plant  setting,  at-line,  and  can  be  tied  into  the  process  stream, 
on-line.  The  advantages  of  using  FIA  for  process  monitoring  are:  rapid  change  of 
methods,  large  throughput,  real  time  data  acquisition,  and  possibility  to  perform  matrix 
modification.  The  latter  two  advantages  are  the  most  pertinent  to  process  monitoring. 
Real  or  near  real  time  data  acquisition  is  critical  to  the  efficiency  of  the  process  control 
system.  The  sooner  a  problem  is  identified,  the  sooner  the  control  system  can  correct  the 
problem.  Matrix  modification  is  important  in  the  development  of  the  analytical  method. 
The  usual  process  stream  has  a  matrix  which  makes  it  difficult  to  selectively  measure  the 
analyte.  An  FIA  system  can  incorporate  matrix  modification  techniques  which  minimize 
or  eliminate  the  matrix  problems. 

FIA  is  a  tool  to  do  chemistry.  The  expected  FIA  characteristics  of  high  precision, 
high  throughput,  comparable  detection  limits  and  the  potential  for  improved  accuracy  are 
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all  met  in  the  process  system.  The  F1A  system  can  be  used  to  automate  existing  methods 
or  to  slightly  modify  and  improve  existing  methods.  More  importantly,  the  FIA  system  can 
utilize  selectivity  enhancement,  kinetic  discrimination,  and  matrix  optimization  to  create 
new  methods  which  are  not  possible  in  the  batch  or  segmented  continuous  flow  systems. 

Before  discussing  the  hardware  aspects  of  FIA  process  monitors,  a  short 
discussion  on  sampling  is  necessary.  The  majority  of  the  time  the  process  stream  is  not 
homogeneous.  Therefore,  sampling  is  a  critical  problem.  FIA  will  not  improve  the 
sampling  capabilities  of  an  analytical  system.  It  will,  however,  provide  the  means  to 
acquire  larger  data  sets  which  will  permit  greater  statistical  confidence  in  the  results. 


12,2  FIA  COMPONENTS  IN  PROCESS  CONTROL 

The  typical  FIA  system  contains  a  pumping  device,  a  sample  introduction  device, 
reaction  manifold(s),  and  a  detector.  Connecting  these  components  is  some  type  of 
tubing.  The  tubing  materials  which  has  been  used  to  date  are  teflon,  stainless  steel,  and 
to  a  lesser  extent  other  polymers.  Stainless  steel  is  used  primarily  because  of  its 
ruggedness.  The  negative  point  about  stainless  steel  is  that  the  analyst  cannot  see 
through  the  tubing  as  is  in  teflon.  This  makes  trouble  shooting  more  difficult  to  perform. 
A  second  problem  for  stainless  steel  is  that  some  FIA  techniques,  such  as  extraction,  will 
not  work  for  aqueous  samples  since  the  mechanism  requires  that  an  organic  film  is 
formed  on  the  walls,  (i.e.  the  tubing  must  be  wettable  by  organics).  Other  than  those 
constraints,  stainless  steel  is  a  good  choice. 

Teflon  tubing  is  rigid  and  reasonably  rugged.  The  chemistry  is  easily  observed 
since  the  teflon  is  transparent  enough  to  see  through.  The  negative  to  teflon  can  be  in 
situations  where  there  is  a  large  amount  of  protein  in  the  stream.  Teflon  will  adsorb 
protein  to  its  surface.  If  this  surface  coat  is  undesirable,  then  teflon  is  clearly  a  bad 
choice  for  tubing  material. 

Another  tubing  parameter  to  be  considered  is  the  inside  diameter.  Traditionally  the 
tubing  i.d.  has  been  0.5  mm.  Ruzicka  and  Hansen  developed  microconduits  which  have 
tubing  diameters  down  to  0.05  mm  (1).  But  what  happens  when  a  process  sample  has 
particles  floating  around?  The  answer  is  a  clogged  system.  The  solution  has  been  to  use 
an  in-line  filter  to  remove  the  floating  particles.  Unfortunately,  this  means  that  the  filter 
must  be  routinely  changed  to  maintain  the  desired  performance  of  the  FIA  system.  This 
type  of  routine  maintenance  is  not  acceptable  to  the  process  chemist.  An  alternative  is 
to  use  larger  diameter  tubing.  It  has  been  shown  that  the  characteristics  of  an  FIA  system 
are  maintained  as  the  tubing  diameter  is  increased.  The  exact  upper  limit  is  not  known 
at  this  time.  However,  an  FIA  system  could  be  made  with  2.0  mm  tubing  with  a  sample 
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aspiration  tube  diameter  of  0.8  mm.  The  aspiration  tube  acts  as  a  prefilter  which 
guarantees  that  the  particle  size  in  the  system  will  be  2.5  times  smaller  than  the  manifold 
tubing  diameter. 

Pumping  systems  can  be  categorized  as  piston  driven,  peristaltic,  or  gas  driven. 
The  gas  driven  pumps  have  been  used  in  process  monitors.  The  advantages  are  that  the 
system  is  pulseless,  inexpensive,  and  that  there  are  no  moving  parts  in  the  pump, 
therefore  less  down  time.  The  disadvantages  are  that  variable  flow  rates  will  be  created 
by  the  changing  resistence  in  the  reagent(s)  and  carrier  stream  storage  bottles.  The 
change  in  flow  rates  change  the  dispersion  which  in  turn  changes  the  background  of  the 
measurement.  Unless  this  background  change  is  well  understood,  the  usual  result  will  be 
inaccurate  evaluation  of  the  analyte  concentration.  The  gas  driven  system  would  be  hard 
pressed  to  reproducibiy  pump  fluids  in  a  multichannel  system.  Stopped-flow  type 
measurements  are  difficult  to  perform.  Techniques  such  as  matrix  modification  may  be 
possible  in  conventional  gas  driven  systems. 

Piston  driven  pumps  are  reasonably  reliable  and  can  handle  nonaqueous  solutions. 
The  disadvantages  are  that  they  are  expensive  compared  to  the  other  pumping  systems, 
pulsations  created  by  these  pumps  must  be  dampened,  stopped-flow  is  unlikely,  and  the 
number  of  moving  parts  is  significant.  The  moving  parts  potentiaiiy  lead  to  higher  down 
time.  The  pulsation  problem  is  the  most  serious.  Pulsations  can  destroy  the 
concentration  gradient  profile  and  create  irreproducible  behavior.  By  definition,  the  FIA 
system  would  no  longer  exist. 

Peristaltic  pumps  appear  to  be  the  most  useful  for  FIA.  They  have  been  used  the 
most  because  they  are  reliable,  programmable,  have  few  moving  parts,  and  are  relatively 
pulseless.  The  preceding  advantages  assume,  of  course,  that  a  high  quality  pump  is  used. 
The  major  advantage  is  that  all  the  FIA  techniques  to  date  can  be  utilized  in  a  system 
when  peristaltic  pumps  are  used.  The  disadvantages  are  that  the  pumps  are  moderately 
expensive  and,  more  importantly,  the  pump  tube  must  be  replaced  routinely.  The  routine 
maintenance  aspect  of  these  pumps  is  a  serious  disadvantage  when  unattended  operation 
is  required. 

Sample  introduction  devices  include  sample  injectors  (both  valves  and  syringes). 
For  process  control  applications  the  use  of  syringe  type  injectors  cannot  be 
recommended.  The  valve  injectors  are  the  same  as  those  used  in  low  pressure  HPLC. 
They  are  reliable  for  a  period  of  time,  then  wear  on  the  parts  will  begin  to  create 
irreproduciblity. 

Hydrodynamic  injection  is  a  good  alternative  to  injectors.  Fig.  12.1  shows  the 
manifold  design  for  hydrodynamic  injection. 
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Fig.  12.1.  Hydrodynamic  injection  manifold.  C  =  carrier,  Rl,  R2  =  reagents, 

DET  =  detector,  V  =  sample  loop  (coil),  W  =  waste,  x  =  flow  rate  for  filling  and  for 
aspiration  of  sample. 

The  principle  is  to  fill  the  coil  V  in  the  carrier  stream  with  sample.  This  is 
accomplished  by  turning  off  pump  1  and  starting  pump  2.  The  coil  V  is  filled  with  sample. 
Then  pump  2  is  turned  off  and  pump  1  started.  The  sample  in  the  coil  is  injected  into  the 
system.  The  reproducibility  of  this  type  of  injection  is  comparable  to  the  valve  injectors. 
Note  that  the  two  flow  rates  used  in  pump  2  for  filling  and  for  aspiration  of  sample  must 
be  equal. 

The  third  option  to  accomplish  sample  introduction  is  to  pump  (or  aspirate)  the 
sample  and  inject  or  merge  it  with  the  reagent(s).  This  reversed  FIA  technique  is  useful 
when  sample  is  abundant  and  reagents  expensive. 

The  last  component  in  a  process  control  FIA  system  is  the  detector.  Essentially 
any  existing  flow  through  detector  can  be  used  with  an  FIA  system.  Even  some  detectors 
such  as  mass  spectrometry  have  been  used  with  FIA.  As  a  rule,  the  FIA  system  improves 
the  performance  of  the  detector.  In  some  cases  such  as,  ion  selective  electrodes,  or 
luminescence,  the  detector  performance  is  greatly  enhanced.  For  fast  luminescence 
chemistry  FIA  can  be  used  to  mix  and  monitor  the  fast  release  of  light.  The  readout 
devices  usually  supplied  with  HPLC  flow  through  detectors  will  not  be  fast  enough  for  FIA. 
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Since  the  FIA  peak  resides  in  the  detector  for  only  a  few  seconds,  the  software  for  the 
detector/readout  device  must  be  considerably  faster  for  FIA  than  HPLC.  Although  the 
detectors  can  usually  handle  the  time  scale,  the  software  usually  cannot  be  modified  by 
the  end  user. 


12.3.  OPERATIONAL  FIA  MODES  IN  PROCESS  CONTROL 

The  important  techniques  for  process  monitoring  in  FIA  fall  into  the  category  of 
matrix  modification.  In  turn,  this  category  is  subdivided  into  three  areas:  analyte 
transplantation,  dilution,  and  matrix  matching.  By  far,  analyte  transplantation  is  the  most 
important.  It  is  used  to  enhance  selectivity.  Gas  diffusion,  dialysis,  extraction,  and 
columns  are  all  analyte  transplantation  techniques. 

Dilution  is  required  for  many  process  samples.  One  approach  is  to  utilize  the 
concentration  gradient  and  use  electronic  dilution.  This  approach  requires  a  high  degree 
of  system  sophistication  with  respect  to  timing  of  the  detector  reading.  The  alternative 
is  to  use  zone  sampling,  split  loop  injection,  or  a  combination  of  the  two  (further  details 
are  available  in  Chapter  5). 

The  last  matrix  modification  technique  is  matrix  matching.  For  some  detectors  it 
is  necessary  to  match  the  sample  matrix  and  the  matrix  of  the  standards  in  order  to 
ensure  accuracy.  Parameters  of  the  sample  to  be  considered  are  viscosity,  ionic  strength, 
refractive  index,  and  pH.  FIA  can  be  easily  used  to  produce  the  matrix  matching. 

Hopefully,  the  reader  now  has  some  ideas  about  the  hardware  and  operational 
modes  of  FIA  used  in  process  monitoring.  In  the  following  sections  some  examples  of 
process  and  quality  control  by  FIA  are  presented.  These  examples  are  general  due  to  the 
proprietary  nature  of  exact  specifications.  It  must  be  emphasized,  however,  that  FIA  is 
only  a  tool  to  perform  chemistry. 


12.4  DETERMINATION  OF  CYANIDE 

This  procedure  is  based  on  an  application  developed  by  FlAtron  (FAC  no.  1112). 
The  concentration  range  for  cyanide  is  0.2  -  4.0%. 

Principle 

The  sample,  S,  is  injected  into  a  carrier,  C,  comprising  of  phosphoric  acid,  see  Fig. 


12.2. 
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Fig.  12.2.  Manifold  for  the  determination  of  cyanide.  The  pH  of  the  receiving  solution  in 
the  waste  container  should  be  kept  above  11.  DET  =  detector  system  comprising  a 
cyanide  selective  electrode  and  a  reference  electrode. 


Hydrogen  cyanide  is  formed  which  diffuses  through  a  PTFE  membrane  in  a  gas 
diffusion  module.  Note  that  the  carrier  waste  must  be  collected  in  a  strongly  alkaline 
solution  (pH  >  1 1  all  the  time)  to  neutralize  the  volatile  hydrogen  cyanide  which  is  very 
toxic.  The  recipient  stream,  R,  which  flows  through  the  gas  diffusion  module  is  alkaline, 
0.1  M  sodium  hydroxide.  The  hydrogen  cyanide  which  crosses  the  gas  diffusion 
membrane  is  converted  back  to  cyanide  ions  and  is  detected  by  a  cyanide  selective 
electrode. 


Electrodes 


The  following  electrodes  are  mounted  in  the  ISE  detection  cell: 
a  cyanide  selective  electrode 

a  single  junction  reference  electrode  with  KCI  or  a  double  junction  reference 
electrode  with  KN03. 
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Carrier  and  reagent 

The  carrier,  C,  is  a  1.0  M  phosphoric  acid  solution  and  the  reagent,  R,  comprises 
of  a  0.1  M  sodium  hydroxide/0.1  ppm  cyanide  solution. 

Standards 


Prepare  standards  in  the  range  of  0.2  -  4.0  %  cyanide.  Use  0.1  M  sodium  hydroxide 
as  diluent. 

Concluding  remarks 

The  sample  can  be  injected  into  a  carrier  of  distilled  water  and  merged  with  a 
reagent  stream  of  phosphoric  acid  instead  of  the  combined  carrier/  reagent  stream  of 
phosphoric  acid.  This  requires  another  line  in  the  manifold  in  Fig.  12.2.  The  recipient 
stream,  R,  may  contain  a  small  amount  of  cyanide,  0.1  ppm,  to  assure  a  fast  electrode 
response.  Where  particulate  matter  is  present  the  sample  must  be  filtered  prior  to  the 
determination.  An  in-line  filter  can  also  be  used. 

Analysis  of  cyanide  in  a  process  stream  can  be  performed  by  connecting  the 
sample  line  directly  to  the  process  stream  rather  than  interfacing  with  an  automatic 
sampler.  Note  that  the  measured  potential  difference  between  the  cyanide  selective 
electrode  and  the  reference  electrode  is  proportional  to  the  logarithm  of  the  cyanide  ion 
activity.  This  procedure  has  been  used  for  the  determination  of  cyanide  in  industrial 
process  stream  samples.  The  approximate  composition  of  the  process  stream  was:  40% 
acetonitrile,  10%  ammonium  chloride,  1  *  3%  hydrogen  cyanide,  47  -  50%  water.  The  pH 
was  6-7  and  the  temperature  60  0  C.  The  process  stream  was  diluted  approximately  1 :50 
before  introduction  into  the  FIA  system.  The  r.s.d.  was  about  0.8%  for  a  3%  cyanide 
solution. 


12.5  NONAQUEOUS  PROCESS  CONTROL  FIA 

One  of  the  difficulties  with  many  first  generation  commercial  FIA  units  was  the  fact 
that  the  manifolds  and  some  pumps  were  not  resistent  to  nonaqueous  solvents. 
Obviously,  this  problem  is  a  serious  drawback  in  process  control  where  organic  solvents 
are  common.  To  solve  this  problem  manifolds  have  been  made  from  more  solvent 
resistent  polymers  or  stainless  steel.  FlAtron  has  designed  their  process  flow  injection 
analyzer  so  that  nonaqueous  solvents  can  be  used  (APA  No.  1001  A),  see  Fig.  12.3. 
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Fig.  12.3.  Manifold  for  the  determination  of  peroxide  in  isopropanol.  Numbers  above  coils 
denote  coil  length/i.d.  (cm/mm).  R1  =  acetic  acid  in  isopropanol,  R2  =  sodium  iodide 
in  isopropanol. 


One  example  of  an  organic  process  stream/analyte  combination  is  peroxide  in 
isopropyl  alcohol.  Peroxides  have  a  variety  of  industrial  uses  in  the  chemical  industry,  for 
example,  as  initiators.  Continuous  analysis  of  the  peroxide  feedstock  permits  adjustments 
of  the  peroxide  levels  before  the  solution  enters  the  process  stream.  The  obvious  result 
is  a  signficiant  reduction  in  process  costs. 

The  same  peroxide  solution  is  a  safety  problem  downstream  from  the  process. 
Peroxide  decomposes  in  the  process  due  to  heating  or  other  parameters.  The  oxygen 
released  during  the  reaction  can  reach  explosive  levels. 


Chemical  reactions 


The  method  for  peroxide  determination  is  based  on  the  ASTM  method  E299-68. 
The  peroxides  oxidize  I'  to  l2.  Depending  on  the  peroxide  present,  heating  may  be 
required  to  increase  the  reaction  efficiency.  Iodine  present  with  excess  of  r  forms  l3 
which  absorbs  visible  light  allowing  a  colorimetric  determination  at  520  nm.  Using 
samples  volumes  in  the  range  of  30  -  100  ftl  about  0.05  -  0.2  wt.  %  peroxide  can  be 
determined.  Agreement  with  the  ASTM  method,  as  judged  by  correlation  coefficient,  is 
0.999.  A  relative  standard  deviation  of  0.5%  over  15  hours  is  typically  observed  for  250 
determinations. 
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12.6  DETERMINATION  OF  BASES 

Bases  like  the  hydroxide  ion  and  the  carbonate  ion  are  usually  titrated  with  acid 
using  a  glass  electrode  as  a  detector.  When  the  equivalence  point  is  approached  the 
buffer  capacity  of  the  solution  decreases  and  the  electrode  response  becomes  slower. 
The  mixing  efficiency  must  be  large  to  guarantee  stable  readings  throughout  the  whole 
titration.  The  titration  procedure  generates  very  accurate  and  precise  results  but  it  is 
tedious  to  apply  in  a  process  control  situation  where  an  almost  Instant  reply  is  desired. 

Linear  buffers  have  been  developed  in  order  to  simplify  the  entire  titration  principle 
and  to  circumvent  the  problems  with  unstable  readings  close  to  the  equivalence  point 
(2-8).  The  analytical  procedure  entails  mixing  of  known  volumes  of  the  sample  and  the 
linear  buffer.  The  resulting  pH  change  is  then  measured.  A  linear  relationship  exists 
between  the  pH  change  and  base  concentration  In  the  sample.  The  slope  of  the 
calibration  curve  is  the  inverse  of  the  buffer  capacity,  B.  The  buffer  capacity  remains 
constant  over  the  entire  linear  range.  By  changing  the  buffer  capacity  the  dynamic  range 
of  the  method  can  be  changed.  The  mixing  of  the  linear  buffer  and  the  sample,  as  well 
as  the  detection,  is  readily  performed  in  an  FIA  system  (8).  The  linear  buffer  is  prepared 
according  to  Table  12.1. 


TABLE  12.1 

Calculated  amounts  for  preparation  of  1  liter  of  a  linear  buffer  for  titration  of  bases. 


Compound 

ml 

Cone. 

9 

Final  cone. 

Hydrochloric  acid 

100 

1  M 

- 

- 

Formic  acid 

0.85 

100% 

- 

0.0225 

Acetic  acid 

0.86 

100% 

- 

0.0150 

Malonic  acid 

- 

- 

1.344 

0.0129 

Piperazine 

- 

- 

1.900 

0.0221 

Bis-Tris 

- 

- 

2.973 

0.0142 

4-Methylmorpholine 

2.49 

99-100% 

- 

0.0226 

N-Methyldiethanolamine  2.53 

99-100% 

- 

0.221 

Sodium  chloride 

Distilled  water 

(to  a  final  volume  of  1000  ml) 

58.4 

1.0 
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F1A  manifold 


Fig.  12.4  shows  the  recommended  manifold. 
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Fig.  12.4.  Manifold  for  determination  of  strong  bases.  Numbers  above  coil  denote  coil 
length/i.d.  (cm/mm).  DET  =  potentiometric  detector  (glass  electrode/reference 
electrode). 


The  sample,  S,  is  injected  into  a  carrier,  C,  comprised  of  distilled  water.  The  carrier 
stream  is  merged  with  the  linear  buffer,  R.  A  long  mixing  coil  is  required  (300/0.5).  A 
glass  electrode  is  arranged  as  shown  in  Chapter  4,  Fig.  4.5.  A  reference  electrode  of 
double  junction  type  is  recommended. 


Concluding  remarks 

The  sensitivity  of  the  method  depends  on  the  ratio  between  C  and  R  flows  in  Fig. 
12.4.  If  the  flow  ratio  C/R  is  larger  than  10  a  decrease  in  the  linear  range  is  obtained. 
The  sample  throughput  is  very  large,  above  300/h  although  such  a  high  throughput  is  not 
needed  in  a  practical  situation.  The  working  range  is  typically  0.01  -  0.1  M  of  the  sodium 
hydroxide  samples. 
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APPENDIX  A 

I.  USEFUL  SOLUTIONS  FOR  DISPERSION  EXPERIMENTS 

Chemicals  needed: 

a)  Borax,  sodium  tetraborate,  Na2B407  10H2O 

b)  Bromothymol  blue,  3,,3”-dibromothymolsulfonphthalein,  C27H28Br205S 

c)  Ethanol,  96% 

d)  Distilled  water 

Preparation  of  solutions: 

1.  0.01  M  Borax  buffer  solution,  1  liter. 

Dissolve  3.814  g  borax  (a)  in  about  200  ml  distilled  water  and  add  distilled 
water  to  a  final  volume  of  1  000  ml.  Degas.  This  solution  is  stable  for 
months  when  stored  in  a  normal  manner. 

2.  Dye  stock  solution,  100  ml. 

Dissolve  0.400  g  bromothymol  blue  (b)  in  about  25  ml  ethanol  (c)  and 
make  up  to  a  final  volume  of  100ml  with  distilled  water.  Degas.  This 
solution  is  stable  for  several  months. 

3.  Dye  working  solution,  200  ml. 

Dilute  1  ml  of  the  dye  stock  solution  (2)  with  borax  buffer  (1)  to  a  final 
volume  of  200  ml.  Degas.  This  solution  is  normally  prepared  freshly  just 
before  use. 


II.  CONVERSION  TABLE  FOR  COIL  LENGTH/I. D. /VOLUME 


i.d.,  mm 

length,  cm 

volume,  /il 

volume,  jxi 

length,  cm 

0.35 

10 

9.6 

100 

104 

0.5 

10 

19.6 

100 

51 

0.6 

10 

28.3 

100 

35 

0.7 

10 

38.5 

100 

26 

0.8 

10 

50.3 

100 

20 

0.9 

10 

63.6 

100 

15.7 

1.0 

10 

78.5 

100 

12.7 

BIBLIOGRAPHY  -  SUBJECT  INDEX 
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1.  SPECIES  DETERMINED  BY  FLOW  INJECTION  ANALYSIS 


Species 


References 


Acetaldehyde 

Acetaminophen 

Acetazolamide 

Acetic  acid 

Acetoacetate 

Acetone 

p-Acetylaminophenol 

Acetylcholine 

Acetylcholinesterase 

Acid/Base 

Acidity 

Acidity  constants 

Adrenaline 

Albumin 

Alcohol  dehydrogenase 

Alcohols  (see  also  Ethanol) 

Aldehydes 

Alkaline  phosphate 

Alkalinity 

Allyl  alcohol 

Alpha  macroglobulin 


884,  997,  1134 

359,  432,  770 

1324 

331 

408 

308,  709 
325 
1355 
732 

34,  47,  161,  396,  456,  465,  483,  594,  616, 
759, 782, 806, 811,1 055, 1 073, 1 086, 1 095, 
1243,  1304 

1055 

526,  616 

49,  544 

32,  37,  66, 78, 299, 393, 425, 439,  471, 636, 
651,  1348 

971 

179,  185 

596 

732 

517,  946 
1059 


299 
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Aluminum 

Amiloride 

Amines 

Amino  acids 

Aminoacyiase 
Aminobensoic  acid 
Aminopoiycarboxylic  acid 
Ammonia/Ammonium 


Amylase 

Amyloglucosidase 

Anilide 

Aniline 

Anionic  surfactants 
Anions,  eiectroinactive 
Antibiotics 
Antimony 

Aromatic  hydrocarbons 
Arsen  ic/ Arsenate /Arsenite 


38, 128, 173, 199,  230,  232,  517,  521,  716, 
861,  869,  874,  895,  938,  984,  1033,  1096, 
1235,  1322,  1358 

802 

187,  206,  253,  256,  771,  831,  994,  1037, 
1201,  1223,  1237,  1358 

187,  212,  253,  345,  448,  525,  568,  1111, 
1162,  1297,  1325 

441 

1091 

455,  594 

1 ,  42,  77,  87,  1 33, 1 95,  31 6,  320,  331 ,  351 , 
426,  465,  501,  517,  646,  691,  940,  991, 
1008, 1013, 1070,  1082, 1181, 1229, 1291, 
1305, 1306, 1338,  1345, 1351, 1373, 1378 

250,  420 

896 

167 

341 

51,  534,  742,  822, 1078, 1148,  1290,  1309 
1256 

364,  492,  512,  554,  769,  1212,  1277,  1314 
356,  565,  1213 
165,  219 

82,  83,  183,  368,  444,  453,  565,  673,  693, 
705, 736,  883, 1014, 1031, 1063, 1213, 1219 


Ascorbic  acid/Ascorbate 

Aspirin 

ATP 

Azintamide 
Base,  see  Acid/Base 


18,  26,  49,  346,  400,  440,  536,  594,  848, 
935,  1226,  1281 

341 

617,  741,  1247 
1204 
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Benzoquinone 
Beryllium 
Bile  acid 
Bismuth 

Bittering  compounds 

Boron 

Bromamine 

Bromate 

Bromide 

Bromine 

Brotizolam 

Brucine 

Buprenorphine  hydrochloride 
Cadmium 

Caffeic  acid 
Caffeine 


111 

184,  1218 
633 

106,  175,  356,  432,  451,  565 

942 

129,  639,  1137 
206 

943 

540,  695,  755,  986,  1040,  1268 
100,  979 
1264 
288 
876 

76, 132,  255,  278,  293,  347,  348,  359,  369, 
388,  432, 435, 447, 490, 497,  498,  509,  623, 
748,  837,  1006,  1028,  1033 

325,  359 

17,  742,  1047 


Calcium 


Carbohydrates 
Carbon  dioxide/Carbonate 
Carboxylic  acids 
Catecholamine 

Cationic  polymeric  flocculants 
Cationic  surfactants 


10,  19,  23,  33,  39,  44,  71,  85,  89,  90,  151, 
1 56, 1 58, 1 92, 229, 279, 280, 281 , 302, 309, 
31 1 , 366, 371 , 389, 443, 456, 566, 594, 621 , 
681 ,  689, 691 , 764, 830, 847,  851 , 947,  976, 
1008, 1058, 1068, 1105, 1291, 1302, 1312, 
1339,  1370,  1384 

177,  448,  885,  910,  911,  1046,  1275 

45,  152,  331,  641,  1012,  1099 

1043 

539 

652 

107,  1148,  1389 


Cellobiose  dehydrogenase 


956 
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Cephalosporine 

Cerium 

Chemical  oxygen  demand 

Chloramine 

Chlorate 

Chlorhexidine 

Chloride 


Chlorine 

Chlorine  dioxide 
Chlorite  ion 

Chioroorganic  compounds 
8-Chlorotheophylline 
Chlorpromazine 
Cholesterol 

Choline 

Cholinesterase 

Chromium/Chromate 


Citric  acid 
Clonazepam 
Cfotiazepam 
Cobalt 

Codeine 
Coloring  matter 


364,  492,  1277,  1314 
658,  758 

93,  96,  137,  225,  737 
206 

522,  736 

930,  975 

4,  6,  47,  77,  131,  159,  213,  259,  265,  301, 
321 , 442,  452,  51 7, 520,  540,  563, 573, 622, 
624,  654, 729, 751 , 753,  796,  878, 898, 907, 

931,  983,  1086,  1157,  1291,  1307 

100,  198,  222,  318,  698,  712,  1108,  1239, 
1279,  1338,  1371 

628,  736,  767 

736 

864 

326 

312,  359,  432 

61 3, 620, 640, 820, 1 077, 1 1 01 , 1 220, 1 251 , 
1282 

1247,  1355 
374 

55,  274,  288,  306,  323,  336,  377,  401 , 423, 
445,  514, 537,  625, 653,  674,  760, 761, 805, 
813,  817,  818,  850,  851,  861,  909,  1280, 
1326 

460 

1152 

945 

24,  69,  147,  228,  305,  372,  404,  431,  435, 
447,  757,  800,  826,  833,  952,  999,  1021, 
1071,  1183,  1342 

31 

155,  479 
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Concanavalin  A 

414 

Copper 

22, 24, 50,  98, 1 06, 1 08, 1 34, 1 57, 233, 240, 
244, 252, 255, 277, 293, 323, 347, 355,  359, 
369,  381, 415, 433, 435, 447, 497, 498,  505, 
511,  513, 521,  523, 575, 576,  635,  644,  647, 
677,  685,  689,  738,  745,  748,  765,  827, 
1003, 1006, 1028, 1033, 1062, 1094, 1109, 
1145, 1150, 1198, 1207, 1269, 1279, 1301, 
1332,  1342,  1359 

Corticosteroids 

64 

Creatine 

316,  741 

Creatine  phosphokinase 

741 

Creatinine 

319,  676,  820,  1238,  1353 

Cyanide 

402,  412, 452, 459, 466,  486, 563,  671,  881, 
1024, 1057, 1252, 1299, 1321, 1345, 1363, 
1392 

Cysteine 

174,  440,  648,  1060 

Dehydrogenase 

956 

Digoxin 

675 

Dihydroxyacetone 

619 

Dimethylformamide 

1232 

Diphenhydramine 

326 

Disaccharides 

250,  1350 

Dithionite 

316 

L-Dopa 

49 

Dopamine 

325,  359,  387,  463,  536,  544,  715 

Doxorubicin 

678 

EDTA 

434,  455,  594,  605,  665 

Enalapril 

664 

Enzymes 

1 96, 201 , 203, 244, 250, 265, 342, 374, 420, 
441 , 491 , 532,  538,  570, 61 1 , 668,  731 ,  732, 
741,  896,  915,  956,  971, 1019, 1128, 1188 

Epinephrine 

49,  544 
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Ergonovine  maleate 

794 

Ethanol 

1 02, 1 59, 1 85, 203, 349, 631 , 873, 884, 964, 
971,  997,  1048,  1117,  1118,  1120,  1196, 
1226,  1247,  1354,  1387 

Ethylenediamine 

739 

Etoposide 

1106 

Europium 

852,  1161 

Fatty  acids 

172,  1061 

Fenitrothion 

1260 

Fenthion 

1260 

Ferri/Ferrocyanide 

325,  329,  353,  387,  457,  488,  1255,  1280 

Ferroxidase  activity 

538 

Flunitrazepam 

995 

Fluoride 

88,  213,  266,  517,  645,  746,  870,  875,  906, 
962,  969,  1055,  1157,  1317,  1323,  1329, 
1330,  1345,  1383 

5-Ftuoroacil 

899 

Formaldehyde 

858,  982,  1107 

Formate 

713 

Formate  dehydrogenase 

668 

Free  cholesterol 

820 

Fructose 

398,  856,  1121,  1199 

Furfural 

981 

Furosemide 

974 

Galactose 

530,  619 

Gallium 

74,  141 

Germanium 

1266 

9, 18,  36,  52, 154, 201,  239,  241,  249,  267, 
282, 298, 349, 350, 398, 407, 438, 448, 470, 
481 ,  500, 508, 527, 548,  557, 609, 61 5, 672, 
701 , 747, 820, 840, 845, 893, 894, 924, 926, 


Glucose 
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Glucose  (continued) 


Glucose  oxidase 
Glutamate 

Glutamyl-transferase 

Glycerol 

Glycine 

Guanase 

Hardness 

Hexacyanoferrat, 
see  Ferri/Ferrocyanide 

Hormones 

Humic  substances 

Hydrazine 

Hydrochinone 

Hydrochloric  acid 

Hydrochlorothiazide 

Hydrogen  peroxide 


Hydrogen  sulfide 

Hydroxyacetaniiide 

Hydroxyanisole,  butylated 

Hydroxybutyrate 

Hydroxylamine 

Hydroxyproline 

Hypobromite 

Hypochlorite 


959,  1030,  1045,  1054,  1064,  1076,  1092, 
1116, 1119, 1121, 1129, 1166, 1167, 1199, 
1226, 1244, 1247, 1248, 1251, 1311, 1352, 
1386 

203,  244,  532 
496,  1247 
265 

7,  894,  965 
37,  1060 
1100 

594,  691,  1302 


1069 

886 

25,  316,  426,  457,  550,  940,  1373 
387 
1086 
802 

46, 150,  203,  205,  281,  282,  385,  464,  533, 
556, 557, 589, 71 4, 766, 783, 891 , 925, 996, 
1010, 1011, 1107, 1138, 1183, 1184, 1195, 
1247,  1340 

834 

167 

376,  1253 
408 

370,  457 

1190 

426 

426,  891 
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Hypoxanthine 

926 

IgG 

269,  667,  670,  1197 

Indium 

643 

Inosine 

919 

Insecticides  organophosphorus 

763 

lodate 

285,  353,  457,  488,  759,  1182 

Iodide 

82,  213,  292,  382,  402,  442,  452,  540,  555, 
604,  748,  753,  759,  890, 1018, 1115, 1 131 

Iodine 

891,  979 

Iodine  value 

421 

Iron 

26,  72,  128,  170,  186,  223,  232,  246,  248, 
304,  323, 358, 377, 423, 424, 450,  454, 499, 
51 7,  521 , 531 , 561 , 595, 605, 689, 738, 745, 
812,  827,  829,  844,  854,  861,  908,  993, 
1029, 1051, 1088,  1089, 1144, 1198,  1269, 
1292,  1357 

isoniazid 

245,  338,  341 

Isoprenaiine 

310,  324 

Isosorbide  dinitrate 

112 

Ketones 

596 

Ketone  bodies 

308 

Lactate 

202,  211,  299,  300,  408,  496,  894,  915, 
1135,  1315 

Lactate  dehydrogenase 

196,  570,  915 

L-ascorbate 

1281 

L-ieucine  dehydrogenase 

668 

Lactic  acid 

662,  820,  1064,  1209,  1248,  1352 

Lactose 

250,  398,  619,  621 

Lanthanoides 

1318 

Lanthanum 


658 
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Lead 

28,  76,  162,  255,  278,  347,  356,  359,  369, 
388, 432, 435, 447, 497, 498,  623, 630,  643, 
699,  715,  748,  749,  762,  918,  1006,  1028, 
1032, 1033, 1085, 1123, 1132, 1150, 1197, 
1259,  1331,  1369 

Levamisole  hydrochloride 

860 

Lidocaine 

1390 

Lithium 

1 88, 546, 566, 635, 772, 81 4, 832, 868, 936, 
953,  1194,  1224 

Lovastatin 

1253 

Magnesium 

33,  35,  39,  53,  71,  90,  151,  158,  279,  302, 
303, 306, 31 4, 389, 41 0, 443, 635, 689,  691 , 
760,  764,  830,  851,  947,  992,  1058,  1302, 
1384 

Maltose 

398 

Manganese 

43, 108,  294,  581,  595,  647,  650,  684,  775, 
793,  833,  1033,  1052,  1150,  1356 

Meptazinol 

54 

Mercury 

362,  383,  513,  1230 

Metals 

18,  91,  98,  140,  144,  145,  176,  240,  286, 
359,  417,  432, 434, 482,  688, 682, 806, 923, 
985,  1002,  1039,  1041,  1074,  1345 

Methanesulfonyl  fluoride 

1330 

Methanethio! 

862 

Methanol 

1120 

Methionine 

441 

Methyldopa 

802 

Micelles 

1094,  1146,  1205,  1257,  1262 

Midazolam 

1264 

Molybdenum/Molybdate 

20,  260,  334,  402,  458,  963,  1361,  1377 

Monosaccharides 

1296,  1350 

Morphine 

846 

Myo-lnositol 

1267 

252 

NADH 

NADPH 

Naphtho! 

Nickel 

Nitrate 

Nitrazepam 

Nitrite 


Nitrofurantoin 

Nitrogen/Total  nitrogen 

Nitrogenase 

Nitrogen  dioxide 

Nitrogen  oxide 

Nitrophenol 

Nitroprusside 

N-Nitroso  compounds 

Nonionic  surfactants 

Norepinephrine 

Nucleotides 

Ochratoxin  A 

Oxalic  acid/Oxalate 

Oxidizabie  compounds 

Oxyanions 

Oxygen 

Ozone 


333,  350,  597,  609,  1226,  1247 

609 

710 

1 57, 277, 305, 404, 435, 447, 498,  685, 760, 
851,  1021,  1033,  1071,  1342,  1357 

8, 1 2,  30,  41 , 57, 67, 77, 1 22, 1 30, 21 5,  285, 
289, 353,  378, 379, 457, 485, 488,  503, 690, 
744, 792, 888, 933, 1 050, 1 072, 1 291 , 1 320 

995 

41,  57,  67,  103,  215,  237,  256,  285,  353, 
375, 379, 399,  457, 485, 488, 521 , 562,  690, 

703,  738,  744,  863,  867,  905,  1072,  1075, 
1127, 1208, 1293, 1294, 1319, 1338, 1358 

708,  795,  1324 

3,  5,  13,  40,  86,  97,  192,  309,  351,  1070 

316 

998 

905 

457 

535 

1270 

756 

432 

502 

541 

704,  907,  1037 
581 

797 

243,  249,  264,  282,  1142 
413,  588,  736,  1066 
685,  1364 


Palladium 


253 


Paracetamol 

929 

Paraquat 

1136 

Penicillin 

364,512, 554,769, 1212, 1263, 1277, 1314 

Penicilloic  acid 

209 

Perchlorate 

599 

Periodate 

1022,  1280 

Peroxide 

556,  766 

Pesticides 

1260,  1300 

pH 

52,  89,  229,  344,  354,  456,  486,  521,  528, 
572,  641,  646,  835,  878,  903,  946,  1151, 
1283,  1338 

Pheniramine  maleate 

859 

Phenols 

210,  341,  432,  710,  1139,  1215,  1374 

Phenothaiazines 

683,  801 

Phenylephrine  hydrochloride 

859 

Phenyl  isocyanate 

680 

Phosphate 

1,  6,  21,  47,  52,  75,  84, 104, 126, 169, 183, 
1 97, 21 4, 31 6, 335, 365, 380, 399, 41 1 , 436, 
446, 451,  452, 517, 549, 593, 602, 673, 697, 
71 7, 731 , 904, 980, 1 01 2, 1 063, 1 1 03, 1 1 05, 
1157,  1219,  1291,  1379 

Phosphines 

126,  1037 

Phospholipids 

357,  1355 

Phosphonate 

126,  436,  549 

Phosphorus 

2,  5,  13,  86,  97,  146,  192,  309,  430,  567, 
612,  717,  980,  1038,  1250,  1343,  1360 

Phosphorus  compounds 

944 

Polycyclic  aromatic 
hydrocarbons 

165,  219 

Polyphosphates 

411,  602,  1103 

254 


Potassium  8,  13,  27,  33,  89,  90,  113,  259,  330,  337, 

528,  566,  618,  642,  689,  746,  887,  1217, 
1228,  1291,  1366 


Procaine 

1390 

Procyclidine 

208 

Prostatic  acid  phosphatase 

733 

Protease 

491 

Protein 

15,  94,  309,  315,  393,  414,  439,  471,  559, 
610,  651,  955,  1102,  1111,  1348,  1352 

Pyridoxal 

553,  606,  1170 

Pyridoxaf-5-phosphate 

553,  606 

Pyrogailoi 

1022,  1231 

Pyrophosphatase  activity 

342 

Pyrophosphate 

731 

Pyruvate 

408 

Rare  earth  elements 

1254,  1310 

Redox  species 

806 

Resorcinol 

710 

Salicylate 

913 

Selenium 

444,  564,  565,  901,  941,  1213 

Siiicon/Silicate 

1 83, 343,  365,  405, 51 5, 582, 679, 735,  904, 
1063,  1219,  1343 

Silver 

356,  1335 

Sodium 

8,  90,  330,  528,  566,  618,  689,  1366 

Starch 

1275 

Steroids 

64,  934 

Steroid  sulfates 

633 

Strontium 

35,  71 

1121,  1164,  1210 


Sucrose 


255 


Sugars 

177,  398,  615,  672,  730,  776,  807,  1106, 
1245,  1362 

Sulfanilamide 

442,  480 

Sulfate 

11,  73,  125,  131,  142,  180,  193,  194,  224, 
263,  390,  392,  406,  524,  697,  1000,  1025, 
1035,  1049,  1056,  1169 

Sulfide 

69, 105, 136,  406,  486,  495,  516,  518,  648, 
722,  735,  834,  853,  862, 1181, 1242, 1298 

Sulfite/Sulfur  dioxide 

115,1 63, 291 , 339, 406, 452, 524,  638,  750, 
754,  786,  788,  862,  921,  979,  996,  1004, 
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1002, 1065, 1142, 1152, 1256, 1313, 1340 
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5.  METHODS  BASED  ON  ENZYME  AND/OR  IMMUNOASSAY  TECHNIQUES 


Technique/Method  References 


Enzymatic  methods  36,  48,  65,  150,  154,  168,  185,  196,  201, 

202, 203, 205, 21 1 , 241 , 244, 249, 261 , 264, 
267, 269, 282, 296, 298, 299, 31 6, 342, 346, 
349, 350, 407, 408, 438, 441 , 448, 470, 481 , 
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668, 670, 672, 675, 676, 701 ,  730, 731 , 732, 
741 , 747, 773, 780, 820, 840, 845, 849,  873, 
884, 894, 896, 897, 902, 91 4, 91 5, 91 9, 924, 
926, 959, 964, 997, 1 048, 1 1 01 , 1 1 1 8, 1 1 28, 
1166,  1188,  1209,  1281,  1297 

Enzyme  thermistor  364, 1277, 1379 

Immobilized  enzymes  1 54, 261 , 264, 282, 296, 346, 364, 407, 470, 

492,  523, 530, 547, 548, 554, 571,  597,  609, 
61 5, 61 9, 620, 631 , 640, 662, 672, 676, 71 8, 
730, 750, 769, 783, 820, 840, 845, 849, 856, 
873, 894, 902, 91 4, 91 5, 91 9, 924, 926, 927, 
959, 964, 971 , 997, 1 01 0, 1 01 1 , 1 01 9, 1 030, 
1054, 1064, 1069, 1077, 1092, 1100, 1116, 
1117, 1119, 1120, 1121, 1129, 1134, 1135, 
1164, 1189, 1199, 1202, 1220, 1225, 1226, 
1232, 1244, 1245, 1247, 1248, 1249, 1251, 
1252, 1263, 1267, 1275, 1277, 1282, 1311, 
1315, 1316, 1325, 1334, 1344, 1350, 1352, 
1353,  1354,  1355,  1379 


Immunoassay 


66,  269,  414,  532,  552,  570,  670,  675,  721, 
954,  1069,  1097 
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6.  GRADIENT  AND  MATRIX  MODIFICATION  TECHNIQUES 


Technique/Method  References 


Dialysis 


Dilution 


Extraction 


Gas  diffusion 


Gas  diffusion, 
membrane  electrode 

Gradient  calibration 

Gradient  techniques 


Ion  exchange 


6, 9, 1 55,  349, 493, 508, 529,  530,  607, 61 9, 
772,  808,  866,  898,  905,  913,  916,  1179, 
1209,  1305 

6,  32,  196,  227,  592,  622,  808,  851,  960, 
967,  968,  1007,  1009,  1016,  1027,  1074, 
1086,  1295 

17,  20,  27,  31,  51,  63,  70,  76,  92,  107,  141, 
1 45, 1 65, 1 72, 208, 21 6, 21 9, 240, 286,  31 7, 
326, 348, 417,  447, 472, 504, 526, 546,  599, 
608, 632, 633, 656, 661 , 690, 742, 744, 756, 
771 , 81 5,  822,  859, 887, 900, 91 8, 942, 957, 
967,  980,  1026,  1036,  1041,  1047,  1053, 
1061, 1078, 1139, 1145, 1173, 1185, 1186, 
1216, 1218, 1222, 1224, 1228, 1237, 1300, 
1301,  1309,  1332,  1345,  1389 

45,  46,  133,  195,  308,  320,  331,  351,  386, 
456, 465, 495, 524, 588, 628, 693, 698, 736, 
754, 767, 780, 785, 1 01 3, 1 031 , 1 099, 1 1 08, 
1181, 1229, 1232, 1266, 1278, 1291, 1299, 
1345,  1351,  1353,  1387,  1392 


133,  709,  710,  1249,  1305,  1306 
760 

28,  32,  73,  106,  108,  117,  118,  153,  176, 
1 96, 272, 306, 327, 41 8, 551 , 566, 590,  647, 
650,  666, 694, 696, 699, 71 9, 721 , 723,  725, 
726,  727,  806,  851,  872,  892,  940,  949, 
1087,  1153,  1193,  1262,  1286,  1357 

83,  87,  132,  145,  347,  371,  418,  435,  456, 
478,  497,  498, 576, 734, 824,  837, 850,  861 , 
1002, 1033, 1096, 1136, 1178, 1317, 1326, 
1333,  1345,  1356,  1359,  1361 


isothermal  distillation 


40 
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Titrations  10, 34, 47, 68, 123, 139, 161, 164, 181, 227, 

456,  460,  465,  594,  639,  707,  719,  978, 
1073, 1095, 1105, 1122, 1148, 1237, 1241, 
1304 

Zone  sampling  113, 128, 156,  418, 1067, 1289 
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7.  MISCELLANEOUS  KEYWORDS 


Keyword 


References 


Apparatus  16,  17,  21,  22,  24,  62,  69,  82,  86,  92,  111, 

1 1 6, 1 62, 242, 265, 266, 275, 283, 292, 456, 
489, 555, 558, 585, 587, 593, 609, 692, 735, 
742, 747, 751 , 766,  769, 771 , 774,  781 , 784, 
786, 792, 816, 823,  825, 845,  849, 859,  889, 
890,  900,  905,  913,  950,  959,  967,  973, 
1 003, 1 01 6, 1 064, 1 065, 1 084, 1 099, 1 1 79, 
1295,  1332,  1347,  1348,  1349,  1391 


Catalytic  99, 1 34, 1 47,  205,  244,  260,  334,  392,  393, 

41 5, 431 , 439, 442, 496, 505, 51 3,  594,  595, 
604, 605, 609,  648, 655,  684, 800,  804,  839, 
881,  941,  963,  1018,  1112,  1162,  1170, 
1173,  1268,  1276,  1298,  1356,  1361 

Chemfets  528 


Chemometrics  978 

Chromatography  59,  75,  91,  116,  126,  148,  151,  169,  208, 

212, 218,  328,  329,  345,  360,  368, 387,  391, 
398,  41 1 , 429,  436, 455,  51 0, 525,  542, 544, 
549,  574, 596, 602,  661 , 682, 702, 768,  781 , 
838,  864,  910,  934,  944, 1063, 1079, 1084, 
1104, 1133, 1142, 1146, 1201, 1214, 1219, 
1274, 1300, 1310, 1314, 1318, 1343, 1350 

Columns,  see  Reactors 


Computer  optimization  31 0, 324, 363, 370, 380, 404, 474, 520, 543, 

558,  573,  594,  796,  857,  1074,  1306, 1347 

Diode  array  694,  738,  871 ,  877,  970, 1 044, 1 1 44, 1 1 87, 

1198,  1216,  1221,  1269,  1342 


Dissolution  studies  808 


"Electrode"  (not  including 
ion  selective  electrodes) 
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22,  26,  49,  72,  83,  102,  111,  116,  120, 

1 21 , 1 33, 1 48, 1 54, 1 55, 1 77, 1 79, 1 83, 1 87, 
21 2, 21 7, 235, 237, 256, 292, 293, 313, 325, 
329, 338, 345, 357, 365, 374, 376, 387, 388, 
407, 409, 429, 434, 442, 452, 463,  471 , 479, 
494, 501 , 502, 509, 527, 535, 536, 562, 563, 
577, 609, 61 0, 61 4, 620, 621 , 629, 638, 662, 
665, 682, 683, 701 , 703, 704, 708, 709, 71 0, 
711,71 2, 71 3, 71 4,  747, 768, 794, 795,  807, 
845, 849, 863, 882, 891 , 893, 91 0, 91 1 , 91 5, 
924,  926,  932,  934,  935,  945,  979,  1006, 
1012, 1024, 1046, 1057, 1059, 1072, 1073, 
1076, 1111, 1125, 1142, 1148, 1164, 1194, 
1234, 1244, 1246, 1251, 1256, 1258, 1273, 
1276, 1279, 1282, 1283, 1294, 1315, 1316, 
1324, 1327, 1334, 1335, 1340, 1350, 1387, 
1392 


Enthalpimetry 
Hydride  generation 

Hydrodynamic  injection 
Injection  techniques 

In-line  digestion 
Intermittent  pumping 
Karl  Fischer 
Kinetic 


Merging  zones 

Micelle  techniques 
Microwave  digestion 
Optimization 

Precipitation 


396,  591,  844,  1058,  1159,  1196,  1277 

175,  444,  453,  564,  565,  693,  705,  883, 
1031,  1213,  1266 

265,  272,  301,  456 

723,  818,  950,  1134,  1149,  1176,  1236, 
1311,  1339,  1391 

1360 

38,  57,  103,  263,  524,  723,  1391 
68,  181,  467,  627,  637 

39,  71,  79,  100,  104,  245,  247,  248,  257, 
305, 404, 41 8, 592, 606, 757, 904, 928, 949, 
952,  981,  1004,  1020,  1021,  1054,  1071, 
1120,  1167,  1215 

21,  414,  418,  667,  732,  755,  965,  1045, 
1101,  1118,  1289 

1094,  1146,  1205,  1257,  1262 

745 

574, 656, 657, 823, 1 030, 1 093, 1 1 81 , 1 21 5, 
1278,  1348 

907,  983,  1032,  1390 
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Reactors 


Speciation 
Split  loop  injections 
Stability  constants 
Standard  addition 

Stopped~fiow 

Theory 


Vlscosimetry 


59,  60,  114,  135,  154,  261,  282,  296,  346, 

374. 395,  418, 435, 438, 470,  478, 492, 494, 
496,  500,  508, 525, 527, 530, 531 , 533, 554, 
574,  597, 619, 620, 640, 644, 671 , 675, 676, 
695,  730, 734, 761 , 765,  766, 769, 797, 856, 
861 , 894, 91 9, 959, 1 002, 1 007, 1 01 0, 1 056, 
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1135, 1178, 1215, 1219, 1226, 1241, 1245, 
1247, 1251, 1267, 1275, 1277, 1311, 1343, 
1344,  1348,  1350,  1366,  1391 

1041,  1144,  1219,  1255,  1292 

646 

966,  1227 

277, 306, 378, 401 , 405, 566, 61 8, 642, 647, 
851,  1289 
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667, 732, 940, 965, 1 003, 1 004, 1 1 20, 1 1 37, 
1150,  1225,  1238,  1274,  1328 

1, 10, 14, 18,  29,  58,  59,  60, 110, 114, 117, 
1 1 8, 1 1 9, 1 20, 1 21 , 1 35, 1 38, 1 39, 1 53, 273, 

276. 292. 294. 351 . 367. 373. 382. 386. 395, 
400, 403, 404, 410, 456, 472, 490, 504, 507, 
526, 561 , 574, 578, 579, 580, 592, 629, 642, 
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